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AUTHORS'  ABSTRACT 


This  book  examines  tnc  effect  of  various  kinds,  doses,  intensities, 
and  conditions  of  irradiation  on  optical,  mechanical,  electrical,  heut- 
phy  iical,  and  other  properties  of  glasses  and  ceramics,  and  al3o  the  depen¬ 
dence  of  the  radiation  stability  of  these  materials  on  composition  end 
processing,  ibcisting  radiation-stable  materials  based  on  glasses  and  ceram¬ 
ics  and  their  possible  applications  are  deserioed. 

The  book  is  intended  for  scientific  speciaiis ;r.  m  radiation  physics 
ano.  solid-state  physics,  designers  building  objects  tnat  function  in  a 
field  of  ionizing  radiation,  engineer-technologists  on  glasses  and  ceramics, 
and  also  students  and  graduate  students  at  higher  educational  institutions. 


INTRODUCTION 


Prominent  among  synthetic  products  are  materials  based  on  glass  and 
ceramics  widely  used  in  all  industries.  Of  particular  interest  is  the  use 
of  glasses  and  ceramics  in  instruments  and  equipment  intended  to  explore 
outer  space  and  for  research  in  nuclear  physics,  atomic  power  engineering, 
and  solid-state  physics.  In  objects  and  equipment  intended  for  these 
purposes,  during  service  articles  and  materials  are  subject  to  corpuscular 
and  electromagnetic  nuclear  radiations.  Nuclear  radiation  acting  on  glasses 
and  ceramics  modifies  their  properties  so  strongly  that  these  changes  take 
on  no  little  technical  importance  and  in  several  caBes  make  the  further  use 
of  the  articles  impossible. 

The  first  information  on  radiation-caused  changes  and  glass  properties, 
ir.  particular,  darkening  and  coloring,  pertains  to  the  time  of  tv  e  discovery 
of  radioactivity  and  did  not  have  great  practical  value.  Vigorous  pro¬ 
gress  of  research  into  the  effect  of  nuclear  radiation  on  materials  began 
as  part  of  the  discovery  of  the  possible  use  of  atomic  enefgy  for  peaceful 
purposes,  and  especially  after  the  breakdown  of  various  materials  in  nuclear 
reactors  was  discovered  in  1947. 

In  the  past  two  and  half  decades  much  information  has  accumulated,  ena¬ 
bling  U3  to  state  with  certainty  that  there  are  practically  no  properties 
of  a  solid  which  are  unaffected  by  nuclear  radiation.  Exposure  to  nuclear 
radiation  usually  adversely  affects  optical,  'hermal,  mechanical,  chemical, 
electrical,  and  other  properties  of  materials.  However,  in  several  cases 
the  positive  effect  of  radiation  on  certain  properties  of  materials  has 
been  noted.  In  addition,  nuclear  radiation,  being  a  controllable  method 
ol  introducing  defects  into  solids,  permits  a  more  profound  study  of  the 
structure  of  materials  and  its  relationship  with  their  properties. 

One  feature  of  radiation  exposure  is  the  complexity  of  the  processes 
occurring  in  a  solid  being  irradiated.  Often  it  does  not  appear  possible 
to  predict  the  radiation  breakdown,  therefore  in  each  case  one  must  set  up 
an  experiment.  Thus,  it  is  altogether  necessary  to  make  a  detailed  study 
of  the  maximum  number  of  properties  for  the  largest  number  of  materials  of 
diverse  cnemical  and  phase  composition  in  order  to  attempt  to  establish 
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cor  la  in  correlations  in  property  changes  of  glasses  and  ceramic  materials 
that  have  teen  irradiated. 

In  stuaieo  made  on  the  radiation  resistance  of  glasses  and  ceramic 
materials,  one  often  encounters  incompatible  and  even  contradictory  data, 
therefore  their  interpretation  and  generalization  poses  difficulties, 
which  are  aggravated  by  the  lack  of  well-grounded  theoretical  ideas  on 
the  structure  cf  materials  studied  and  tne  relationsnip  of  radiation  resis¬ 
tance  with  composition  and  structure, 

Tne  authors  of  this  present  book  fet  out  not  only  to  systematize 
literature  data,  but  --  by  supplementing  them  with  the  results  of  their 
own  experiments  —  to  attempt  to  generalize  all  available  information  in 
order  to  reach  conclusions  on  how  radiation  damage  depends  on  the  structure 
and  chemical  and  phase  composition  of  materials. 

Since  ligh,  transmission  is  one  of  the  most  radiation-sensitive  char¬ 
acteristics  of  glasses,  it  is  natural  that  the  greatest  wealth  of  material 
has  boon  accumulated  precisely  on  radiation  coloration  of  glasses  at  the 
present  time,  enabling  the-  authors  to  begin  work  on  elucidating  the  kine¬ 
tics  of  color  center  formation  and  breakdown  and  establishing  quantitative 
correlations  relating  raaiation-optical  stability  with  the  composition  of 
a  glass. 

Problems  of  the  effect  radiation  lias  on  materials  ta.ne  cr.  growing 
importance  for  the  most  diverse  fields  of  science  and  technology,  and 
radiation  stability  will  become  one  of  the  essential  characteristics  of 
material,  with  knowledge  of  which  the  material  cannot  be  used  in  struc¬ 
tures  functioning  under  irradiation. 

Considering  the  requirements  imposed  by  conditions  of  service  under 
irradiation,  a  large  number  of  materials  with  special  radiation  properties 
have  been  and  continue  to  be  formulated.  However,  thus  far  there  is  no 
scientifically  based  classification  of  materials  intended  for  service 
under  irradiation-  P\  attempt  at  this  classification  undertaken  in  1965 
was  fruitful  to  some  extent,  which  also  spurred  the  authors  to  further 
efforts  in  this  direction. 

Based  on  the  classification  proposed  in  this  book,  materials  intended 
to  serve  under  conditions  of  irradiation  are  combined  into  three  groups: 

11  radiation-resistant  materials; 

?.)  radiation-sensitive  materials;  and 

9;  materials  for  absorption  of  radiation. 

'i'he  first  t’x oup  includes  materials  that  interact  least  with  the  radia¬ 
tion  flux  onu  which  have  stable  characteristics  when  serving  for  extended 
periods  under  irradiation. 

Tlie  second  group  includes  materials  also  weakly  affected  by  the  radia¬ 
tion  flux,  however  upon  irradiation  some  of  their  properties  undergo  changes 
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in  til..*  desired  direction,  while  other  cha rac ter io tics  remain  fairly 
stable. 

The  third  group  embraces  materials  that  interact  most  with  radiation 
flux,  that  is,  absorbing,  scattering,  and  attenuating  radiation.  Mate¬ 
rials  in  this  group,  in  spite  of  their  intense  absorption  of  radiation 
energy,  must  also  have  adequate  radiation  resistance. 

Ir.  the  view  of  the  authors,  this  classification  affords  not  only  the 
systematisation  of  known  materials,  but  also  guides  efforts  of  researchers 
in  seeking  new  materials  with  special  radiation  properties. 

In  contrast  to  certain  monographs  and  surveys  dealing  with  the  effect 
radiation  has  on  solids  and  of  interest  above  all  for  physicists  and 
scientific  workers  studying  radiation  effects,  the  book  offered  to  readers 
is  intended  for  a  wide  range  of  engineers,  designers,  and  technologists 
formulating  and  using  materials  intended  to  serve  under  conditions  of 
exposure  to  nuclear  radiation  of  different  kinds  and  energies. 

This  first  attempt  at  presenting  the  essentials  of  a  growing  science 
—  radiation  materials  science  on  glasses  and  ceramics  —  is  unquestionably 
not  free  of  shortcomings,  and  the  authors  gratefully  welcome  readers' 
comments . 
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CHAPTER  OP 


PASSAGE  OF  NUCLEAR  RADIATION 
THROUGH  GILESES  ANT)  CERAMICS 


1 .  Vdnd3  of  Radiation 

Among  the  main  kinds  of  radiation  capable  of  substantially  affecting 
the  physical  properties  of  materials  areCL-,  p~,  and y  -rays,  pretons  and 
neutrons,  comprising  nuclear  radiation,  and  also  x-  and  hard  ultraviolet 
rays  combined  with  Of-,  (J-,  and  f-rays  and  protons  a3  ionising  radiation. 
Characteristics  of  the  various  kinds  of  ionising  radiation  and  their 
dosimetry  methods  are  presented  in  numerous  works  [1-5]. 

AApns-par tides  3re  doubly-charged  nuclei  of  helium  atoms  and  are 
produced  in  the  oC-decay  of  the  nuclei  of  radioactive  isotopes  of  heavy 
elements.  Tne  energy  of <A-purticles  emitted  in  radioactive  decay  fluc¬ 
tuates  in  the  range  5-20  Mev.  Higher— energy  a-particles  can  be  produced 
in  accelerators. 

Either  radioactive  isotopes  or  various  accelerators  (linear,  betatrons, 
and  sc  on)  are  a  source  of  ^-radiation  (electron  flux).  Electron  energy 
depends  on  the  accelerator  parameter's  or  on  the  Kind  of  radioactive  isotope, 
particles  emitted  in  {>-decay  have  a  continuous  energy  spectrum  in  the  limits 
from  zero  to  the  maximum  value,  which  for  various  isotopes  lies  ir.  the  range 
from  several  kilo-electron-volts  to  several  mega-electron-volts.  The 
energy  of  electrons  attained  in  betatron  type  accelerators  is  tens  and  even 
hundreds  of  mega-electron-volts. 

y-Rays  are  emitted  by  the  nuclei  of  radioactive  iootopeo  or  else  are 
produced  in  the  decoloration  of  electrons  when  a  target  is  bombarded. 

Energy  spectra  of  y-rayu  produced  during  radioactive  decay  represent 
a  set  of  monochromatic  lines,  each  of  wnich  characterizes  the  possible 
transition  between  discrete  energy  levels  of  excited  nuclei.  The  value 
of  tnese  energies  usually  lies  in  the  range  from  several  kiio-eleciron- 
volta  to  several  raega-electron-volts. 


In  electron  deceleration,  a  continuous  spoctruir.  of  y-rays  is  produced, 
on  vv-hich  are  imposed  individual  lines  determining  the  possible  transitions 
between  discrete  enegy  levels  characteristic  of  the  target  material.  The 
maximum  energy  of  brcmsstrahlung  y-quanta  is  as  high  as  the  energy  of 
incident  bombarding  electrons.  Tne  effect  of  energy  of  bremsatrahlung 
y-quanta  is  usually  about  30  percent  of  the  maximum  energy. 

Protons  are  the  nuclei  of  hydrogen  atoms.  They  have  considerably  less 
penetrating  depth  than  electrons  or  y-rays.  In  material3-science  investi¬ 
gations,  linear  or  circular-orbit  accelerators,  for  example,  cyclotrons, 
are  the  proton  3ource.  Proton  energies  achieved  in  cyclotrons  amount  to 
several  and  tens  of  mega-electron-voltG.  In  synchrotron,  phasotron,  and 
synchrophaaotocn  type  accelerators,  proton  beams  with  energies  of  as  much 
as  tens  of  billions  of  electron-volts  can  be  produced. 

Neutrons  are  elementary  particles  present  in  the  composition  of  atomic 
nuclei  that  bear  no  electrical  charge.  Enerfywise,  the;,  are  classified 
as  fast  (with  energies  from  0.1  to  50  Mev)  and  thermal  neutrons  (from  0.005 
to  0.5  ev). 

In  nuclear  reactors  the  chain  reaction  of  the  fission  of  heavy  nuclei 
is  the  neutron  source.  In  various  accelerators  r.eutror.3  can  he  produced 
*.3  the  result  of  secondary  radiation  formed  by  the  bombardment  of  a  target 
with  protons  and  oC-particlee . 

Radioactive  preparations  mixed  with  a  substance  that  on  exposure  to 

or  *yrays  emits  neutrons,  for  example,  a  mixture  of  radium  with  beryl¬ 
lium,  car.  also  serve  as  a  neutron  source. 

As  a  rule,  neutron  emission  is  accompanied  by  other  ionizing  radia¬ 
tion.  Strong  y-radiutior.  exists  along  with  neutron  radiation  in  the 
channels  of  atomic  reactors. 


2.  Problems  of  Dosimetry 

The  concepts  of  exposure  dose  ana  absorbed  dose  are  used  in  charac¬ 
terizing  the  cc  lditionc  of  irradiation  and  to  determine  the  effect  of 
radiation  on  a  3olid, 

The  exposure  dose  characterizes  the  radiation  field  or  the  radiation 
energy  emitted  by  a  source,  that  is,  the  external  conditions  in  which  a 
material  is  situated  within  the  range  of  action  of  the  radiation  source. 

The  absorbed  dose  characterizes  the  energy  obtained  by  the  sample  duo  to 
radiation  exposure.  In  addition,  the  concepts  of  dose  rate  and  radiation 
intensity  are  used. 

Dose  rate-  (exposure  dose  or  absorbed  dose)  in  characterized  by  the 
amount  of  energy  emitted,  by  a  source  or  absorbed  by  a  sample  per  unit  time. 
By  definition,  dose  rate  is 
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p  =  b/  l<  I 

where  D  i c  the  dose  and  t  is  time. 


The  radiation  intensity  refers  to  the  energy  of  radiation  per  second 
per  cm2  of  surface  perpendicular  to  the  direction  in  which  the  radiation 
is  propagated. 


GOST  [state  Standard]  8643-63  establishes  the  units  most  typical  of 
indicated  fields  of  U3e,  with  allowance  for  the  specific  details  of 
physical  processes  occurrring.  By  this  GOST,  the  density  of  a  flux  of 
ionizing  particles  of  quanta  is  measured  in  particles  (quanta)/sec  •  m2,  radia¬ 
tion  intensity  is  measured  in  w/m^,  absorbed  dose  —  in  j/ kg,  and  rate  of 
absorbed  dose  —  in  w/kg. 


A  supplement  to  the  GOST  gives  the  definition  of  a  unit  of  absorbed 
do3e,  according  to  which  j/kg  is  the  absorbed  dose  for  which  1  j  of  energy 
ic  transmitted  to  a  mass  of  1  kg  of  the  radiated  substance  independently 
of  the  kind  of  radiation. 


The  exposure  dose  of  x-  and  y-radiation  is  measured  in  k/kg.  And 
k/kg  is  a]  30  the  exposure  dose  of  x-  end  y-radiation  in  which  the  combined 
corpuscular  emission  per  kilogram  of  dry  atmospheric  air  produces  in  the 
air  ions  bearing  charge  equal  to  1  coulomb  of  electricity  of  each  sign. 

GOST  8640-63  also  permits  the  use  of  certain  extra-system  units  and 
their  derivatives.  These  units  include  the  unit  of  exposure  dose  for 
x-  and  y-radiat ions  —  the  roentgen  (l  r  =  2.87976  x  10”4  k/kg)  and  the 
unit  absorbed  do3e  is  a  rad  (l  rad  -  10 ~2  p/kg),  We  mast,  bear  in  mind 
that  according  to  the  standard  it  is  allowed  to  use  the  exposure  dose  units 
k/kg  and  r  Roentgen)  for  radiation  with  quanta  energy  not  exceeding  3  Mev. 


For  irradiation  with  charged  particles,  usually  the  current  in  ■'•he 
beam  I  is  determined  experimentally  and  the  energy  of  the  particle  flux 
is  calculated  from  these  data: 

I  «=  nze  particles/sec, 

where  n  i3  the  number  of  particles  passing  through  the  beam  cross-section 
per  second  and  z  and  e  are  the  charges  on  the  particle. 


In  many  investigations,  for  example, in  radiation  chemistry  and  solid- 
state  physics,  the  absorbed  dose  plays  the  decisive  role  [5].  In  roate- 
riuls-science  investigations  it  is  the  exposure  dose  that  is  central, 
since  the  researcher  is  interested  primarily  in  the  change  or  lack  of 
change  of  properties  for  a  specific  external  exposure.  However,  determi¬ 
nation  of  the  aboorbed  dose  is  also  important  in  materials-science  investi¬ 
gate  onn  since  only  in  thin  way  can  one  compare  the  effect  of  different 
kinds  and  energies  of  radiation.  The  exposure  dose  is  determined  experi- 

T  vi  /^*i  ff'nriftn+  ynvn  f  "1  /ll  *TTV.  o  f.l  cj  -Ic.  c.1  cnl  ci.l  dc.I 

■•*•»••*  •-/  ri «  *j  »,/  L  '  >  J  «  J.  L  i  l  WvU  WA  J.O  Cj.  UUUi  WUdLUUXlt  b'JU 

by  a  method  presented  below,  or  measured,  for  example,  by  chemical  dosi¬ 
metry  [p]. 
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*' •  a*  n  oi  u;au iu ti i. on 

rtht-*n  radiative  flux  passes  thr^u^h  any  medium,  its  attenuation 
is  observes,  described  by  Lambert's  law  (for  parallel  rays): 

l  =  f0e~»\  (1) 

where  1^  is  the  incident  flux  intensity;  I  is  tne  transmitted  flux  intensity; 

£  is  the  thickness  of  the  attenuating  layer;  and  p  is  the  total  linear 
coefficient  of  attenuation. 

The  value  of  the  coefficient  (a  is  determined  both  by  the  attenuating 
medium  and  the  kind  and  energy  of  radiation.  Depending  on  the  kina  ana 
energy  of  irradiation,  flux  attenuation  takes  place  due  to  several  processes, 
each  of  which  contributes  to  the  value  of  the  coefficient  /l.  In  the  gen¬ 
eral  case  these  processes  can  be  divided  into  scattering  and  absorption. 

Scattering  can  be  elastic,  that  is,  a  process  in  which  only  the  airoc- 
tion  of  travel  of  the  particle  is  modified,  without  energy  loss,  for 
scattering  may  be  inelastic,  when  the  change  in  the  direction  of  travel 
i3  accompanied  by  a  engage  in  the  kinetic  energy  of  the  particle,  bomo  of 
the  particie'3  energy  in  tho  latter  case  is  expended  in  displacing  atoms 
from  lattice  sites,  exciting  nuclei  ana  electrons,  ana  ionising  atoms. 

Kajor  leases  in  energy  resulting  from  numerous  inelastic  collisions 
for  adequate  material  thickness  o«n  lead  to  the  total  deceleration  of  a 
novin  :  particle,  which  is  analogous  to  the  absorption  of  radiation.  How¬ 
ever,  by  true  absorption  we  mean  the  elementary  act  of  interaction  of 
radiution  with  a  medium  that  leads,  in  jump like  fashion,  to  the  total  loss 
of  kinetic  energy  of  the  bombarding  particle.  Nuclear  reactions  and  the 
formation  of  photoelectrons  anu  electron-po3itron  pairs  are  examples  of 
this  kind  of  process. 

The  coefficient  ob  attenuation  /u.  serves  as  a  characteristic  of  the 
properties  of  a  medium,  which  in  the  case  of  a  glass  or  ceramic  generally 
3?e..king  is  a  multicomponent  system.  Therefore  it  is  comprised  of  partial 
coefficients  /d.  relating  to  individual  components  of  the  material, 

A 

To  calculate  tho  linear  coefficient  of  atteruation  of  a  material  based 
on  its  chemical  composition,  we  must  use  partial  /aluea  of  the  mass  coeffi¬ 
cients  of  attenuation,  that  is,  coefficients  relating  to  the  density  of  the 
component  material  ^/f^,  calculated  for  a  number  of  substances  (Tables  1- 
5).  In  thin  case 

(*> 


-  8  - 


3 

J 

i 


j 

i 

i 


j 


i 


L'ABLi  7 .  rtASii  CO^FFICIA'Ki  OF  A?T*UUA?IoN  OF  GAMMA-HAYS  5Y 
OXILKS  OF  CEH7AIN  LLHMLNTG 


A 

Okkccji 

■g -  - 

Koxt4>miieHT  ocnzln  «;,*  a  cm'/i  npH  »iiepr«ii  4101011a  a  Mm 

0.5 

1 

1  3 

6 

A!  A 

0,0ft.',  7 

0,0626 

0,0356 

!  0,0261 

BaO 

0,00b7 

0,0579 

0,0262 

1  0,0354 

BcO 

O.OO.'iG 

0.0610 

6,034! 

0,0236 

BA 

■0,0814 

0,0022 

0,0345 

0.02C2 

V.O, 

0.08.6 

0,0505 

0,0347 

0.0274 

vo3 

0,0383 

0,0003 

0,03-19 

0,0270 

Hi .( ), 

0,1487 

0,0706 

0,0110 

0,0428 

WA 

0,1218 

'0,0650 

0,0392 

0,0390 

0,1006 

0,0612 

0,0370 

0,0377 

0,0833 

0,0590 

0,0352 

0,0291 

iliO. 

0, 1200 

0,0610 

0,0390 

0,0394 

<jfO» 

0,0863 

0,0592 

0,0350 

0,0291 

110,0, 

0,1180 

0,0623 

0,0'.  .35 

0,0.386 

Oy,Oj 

0,1123 

O.O02O 

0,0383 

0,0384 

l-.u  < Jj 

0,1163 

0,0616 

0,0333 

0,0380 

LiiO 

0,1107 

0,0616 

0,0384 

0,3380 

I'eO 

0,0817 

0,0607 

0.0361 

0,5293 

I'ffaOa 

0,03,7.' 

0.6310 

0,0.160 

0,0203 

I  V  o, 

0.08-n 

0,0610 

0,0359 

0.0290 

I  i^Oj 

0,0913 

0,0576 

0,036,3 

0,0339 

Vb/J3 

0,1180 

0,0732 

0,0380 

0,0396 

Y./>, 

0,0301 

0,0.730 

0,0353 

0,0.118 

0(10 

0,0007 

0,0533 

0,0369 

0,0342 

k2o 

0,0802 

0*0023 

0,9366 

0,0283 

OriO 

0,0303 

0,0635 

0,03/2 

0,0288 

CoO 

0,0831 

0,0596 

0,0354 

0,0290 

NiO 

0,0807 

0.0618 

0.0367 

0,0305 

NbaO, 

0,0867 

0,0600 

0,0362 

0,0315 

SnO, 

0,0811 

0,03S7 

0,0360 

0,0334 

SnO 

0,0017 

0,0592 

0,0301 

0,0334 

PfjO) 

0,1032 

O.OGOO 

0,0377 

0,0369 

il,(0 

0,1425 

0,0689 

0,0407 

0,0427 

It  bo 

0,0838 

0,0572 

0,0341 

0,0316 

StrijOj 

0,1069 

0,0611 

0,0380 

0,0375 

SiiiO 

0,1078 

0,0609  . 

0,0381 

0,0380 

PbO 

0,1473 

0,0698 

0,0409 

0,0431 

[KKY  on  following  pagcj 
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TABLE!  1 .  [continued] 


A 

~B - - 

Kc-*4*t>uuH*iiT  ocji^O,neHiifl  »  c% 

’/<  npH  siicpniii  $ot«hi  n  Mm 

OttHCtx 

0,5 

1  1 

3  1 
3  1 

e 

PbOj 

0,1432 

0,0693 

0,0405 

0,0419 

AfCiO 

AfiO 

ScjOj 

0,0017 

0,0590 

0,0359 

0,0342 

0,0913 

0,0593 

0,0367 

0,0348 

0,0811 

0,0607 

0,0353 

0,0274 

SbjOj 

SbjOi 

TIjO 

TIjOj 

0,0019 

0,0583 

0,0361 

0,0332 

0,0014- 

0,0589 

0,0,161 

0,03.32 

0,1475 

0,1425 

0,0093 

0,0689 

0,0403 

0,0405 

0,0134 

0,0347 

Ta.O« 

TbjOi 

T:Oj 

0,1205 

0,0646 

0,0392 

0,0393 

0,1114 

0,0016 

0,0382 

0,0382 

0,0842 

0,0610 

0,0,35.3 

0,0271 

0,0835 

0,0604 

0,0351 

0,0276 

ThC 

•  0,1010 

0,0747 

0,0420 

0,04.39 

ThjOj 

0,1177 

0,0635 

0,0390 

0,0398 

UOj 

0,1078 

0,0754 

0,0462 

0,0434 

Ujdi 

0,1700 

0,0757 

0,0424 

0,0428 

PjOj 

0,0863 

0.0627 

0,0350 

0,0263 

0,0841 

0,0603 

0,0361 

0,0282 

GrOj 

0,0848 

0,0006 

0,0354 

0,0207 

CljO 

0,0975 

0,0589 

0,0307 

0,0300 

CeOi 

0,1001 

0,0579 

0,0370 

0,0357 

Ccd, 

0,0910 

0,0397 

0,0371 

0.0363 

Zr  lO 

0,0847 

0,0593 

0,0:357 

0,0.3o2 

ZrOj 

0,0865 

0,0592 

0,0.360 

0,0317 

EriOj 

0,1159 

0,0G2« 

0,0587 

0.0392 

SiO; 

0,0870 

0,0634 

0,0362 

0,0266 

0,0981 

0,0589 

•  0,0367 

0,0355 

LiiO 

0,0817 

0,0591' 

0.032G 

0,0236 

I.iijOj 

0,1203 

0,0040 

0,0391 

0,0401 

M«0 

0,0865 

0,0628 

0,0300 

0,0202 

MnO 

0,0829 

0,05"1 

0,0300 

0,0284 

MiiOj 

0,0838 

0,0603 

0,0353 

0,0279 

CuO 

0,0840 

0,0597 

0,0356 

0,0298 

MojOj 

0,877 

0,0600 

0,0.361 

0,0314 

AsjOj 

0,0838 

0,0592 

0,0358 

0,0294 

AsjO, 

0,0840 

0,0505 

0,0333 

0,0292 

Na,0 

1  0,0845 

0,0016 

0,0351 

0,0255 

NdjO, 

0,1041 

0,0600 

0,0376 

0,0309 

1 


Ki'JY:  A 
H 


Oxide 

Coefficient,  of  ultenuation  in  cm  //•;  for  linted  proton 
one rfry  in  Kev 
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MASS  COEFFICIENTS  OP  ABSORPTION  OP  GAMMA-RAYS  EY 

SES  WITH  COMPOSITIONS  /SiQ.  ♦  Na„0  •  O.BM  0 

2  2  x  y 


KEY 


A 

Mojiitpuun  coctio  ciertna 

JB 

Ko*4*|>W‘h*ht  uorv.MincHiiH  n  <:**}{  npii 
sncprHw  $otuhb  n  Mm 

0.3 

! 

3 

6 

^SiOj-Nii/O-O.aSLbO 

0.0843 

0,0032 

0,0358 

0,0204 

4SiOj.  l,25NajO 

0,0804 

0,0030 

0,0360 

0,0263 

4Si(  n*  Na/)  ■  0,'25KiO 

0,0805 

0,0029 

0,0300 

0,0265 

4SiO, .  Na,O-0,25Rli»G 

0.08G2 

0,0022 

0,0.357 

0,0270 

4  >iOj  ■  Nj/O  •  0,25CiiO 

0,0880 

0,0022 

0.03G1 

0,0282 

•iSiOj  •  N aaO  ■  G,5I3eO 

0,6.507 

0.0029 

0,0359 

0,0202 

45iOj  •  Na/'  •  (),5M(*0 

0,0804 

0,0029 

0,0359 

0,020.3 

4SiOj  •  N.i/O  O.OCaO 

0,0804 

0.0031 

0,0300 

0,0206 

4 Sity  ■  N.i.i)  •  0,5BaO 

0.0880 

0,0029 

0,0354 

0,028,3 

4SiO..  •  S.i.0  -  O.SZnO 

0,0802 

0,002.4 

0.0359 

0,0218 

4Si0i.N;i,O  0,5010 

0,0871 

0,0035 

0,0360 

0,0277 

4SiOj  •  ViyO  •  0,25B/)j 

0,0802 

0,0030 

0,0359 

0,0263 

45iOj  •  S.i/)  •  0,25AI.-Oj 

0,0804 

0,0030 

0,0359 

0,0203 

4Si«^.N.,/)  •  0,2'Ci.i.O, 

O.OnOO 

0,0024 

0,0309 

0,0206 

43.0j.  N.i,0 

O.OM.O 

0,0020 

0,0359 

0,0274 

4Sif>j  •  N.ijO  •  0,51  ,0; 

O.OhsO 

0,0027 

0,0359 

0.0204 

4  S.OjN.i/)-  0,5210, 

0 ,0c  o  4 

0,0., 22 

0,0359 

0,0273 

4SiOy  Na/)  •O.MIIQi 

0,0053 

0,0033 

0,0307 

0,0293 

4i>iOj  •  Nu,0  •  O.OGcOj 

0,(1801 

0.0023 

0,0351 

0.02C8 

4SiO.  -N.ijO  -O.SSnOj 

0,085;; 

0,0022 

0,0354 

0,0276 

4Si(Jj  ■  N.'ijO  -0,5SnO 

0,0874 

0,0022 

0,0350 

0,02.7 

4SiOj  N.'ijO  •  O.OPbO 

0,0054 

0,0fi7 

0.0307 

0,0309 

4VOj-Nu.O  .0,25V, O, 

0,0859 

0,0025 

0,0358 

0,0265 

4SiOj  •  N.ijO  -(UliTajOs 

0,0047 

O.OfrJO 

0,0.300 

0,0295 

4SiO,  •  NiijO  ■  0,25PjOs 

0,0803 

0,0029 

0,0359 

9,0205 

4SiO,  •  Na,0  ■  0,25AijO, 

0,080i 

0,0024 

0,0357 

0,0208 

4SiOj  ■  N.ijO  •  0,25SbjO» 

0,0875 

0,0022 

0,0359 

0,0277 

4SiO,  •  Na*0  • 

0,1039 

0,0049 

0,0374 

0,0.311 

4SiO,  •  Na,0  •  0,5MoO, 

0,CS07 

0,0025 

0,0300 

0,0270 

4SiO,  ■  Na,0  .0,5WOj 

0,0904 

0,0030 

0,0309 

0,0301 

4SiO,  ■  Na,0  •  0,25Ni,jOj 

0,0805 

0,0023 

0.0360 

0,0251 

45iO,  •  Na.O  •  0,25La/Jj 

0,0889 

0,0016 

0,0361 

0,0283 

A  —  Molar  composition  of  glaa3 

B  Coefficient  of  'ibeorption  in  cm^/g  for  listed  proton 
energy  in  Mev 


1 

S 


1 


j 


li 


.  ,1^.. , -Ail.  Lg"1  ■ 


'■vjil:-: 


VALUE.,  OK  LI  ML  AH  COFFFIUiii.Yj’G 
itnYO  FOii  GKnTAlN  COKMEliClAL 


of  AB:;oiiFPTo:; 

i<h',\At  1 A  L*  j 


OF  GAKMA- 


A 

A1«Tcp>u4 

/I  MUCH  III*' *t 

menu*  a  cm 

B 

0.5 

K'.*>4'<Junuiriir  norvio- 

V'Ku<1NT!ili  t  mep* 
mcii  a  Aina 

1  i  3 

1 

£ 

Koapuceoc  CTCKllG  .  .  ,  ,  ^  . 

0, 19 

0,14 

0,08 

Hcnpepuonwft  npotcar 

0,21 

0.15 

0,08 

OnuntecKoe  TcpMoc-rofixoe  cteiwio  J1 K-5 

0.2! 

0.  !6 

0,09 

OnTH'tccKoe  c-rex-no  K-|  ,  F  .  .  .  . 

0.21 

0,16 

0,08 

BaptiTouuft  Kpoit  ,  £  ,  .  .  .  .  . 

0.22 

0,15 

0,00 

Tep  nocTofiKnc  ctck.10  13n  .  n.  .  .  . 

0,21 

0,15 

0,09 

T»  ;mmA  4>.iiiht  J . 

0.80 

0,4! 

0,24 

KFY: 


A  —  Material  .... 

B  --  Linear  coefficient  of  absorption  in  cm  of  gamma- 
quanta  with  listed  energy,  in  Mev 
C  —  Quartz  glass 
D  --  Continuous  rolled  stock 
E  —  LK-5  optical  heat-resistant  glass 
F  *—  K-8  optical  glass 
G  —  Barite  crown 
H  —  I3v  heat-resistant  glass 
I  —  Heavy  flint 


whore  p  is  the  aenoity  of  the  material;  &  it;  the  weight  fraction  of  the 
component ;  and  Ml  is  the  partial  muss  coefficient  of  attenuation. 

Ir.  turn 


m  =  JL 

Pi  Ai 


°i> 


0) 


wr.ere  N  is  Avogadro'o  number;  A^  is  the  gram-atomic  weight  of  the  component; 
ar.c  O'  is  the  integral  cro3s-stc tion  of  interaction  of  the  component  atom 
with  radiation. 


The  integral  cross-section  in  the  aura  of  differential  sections,  each 
of  which  in  the  prohat, j. ]  1  ty  that  none  single  elementary  proeoorj  will  toko 
place  wf.on  t.hf  nucleun  jn  bri(nl>nr*lcd  with  a  flu/  of  on*-  particle  per  cm1- 
p' -r  a*":,  Vti <•  ri*-*:tiori  tmn  the  va'.ii"  of  Jjli**  order  of  1. ) i* ■  m*«: *  ;ir'’a  and 
jr  *-a  In  \inrrm  (i  hii  rh  «  10“'^1  i :  n'  ). 


F',r  t ■m."  of  y-jrni'i  nation 


O’ 

j. 


O  -f-  O  +  Cf  *t* 

e  .  o  c .  a  p 


pa 


(4) 
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TA3LE  4.  VALUES  OP  CONSTANTS  CHARACTERISING  THE  ABSORPTION  OF 
IHEioVAL  NEUTRONS 0?  OXIDES  (WITH  ENERGY  OP  0.025  ev) [7] 


T~  ; 

UhilC/lU  | 

1 

*  V  j 

Pm«o.  j 

"v,  i 

1 

...  ! 
h  1 

1 1 0 

148,2  j 

2,01 

1 

s,  90  : 

n.iio 

2,00 

A;»-.0 

131.2  1 

7,1  . 

2,49 , 

0,279 

0,319 

licO 

7.5  r> 

3 

0,540  i 

1 .27 

0,182 

MkO 

7. 2 

3,48 

0,385  j 

1,8 

0,108 

Zl.O 

3.5 

5,00 

0,356  i 

1.94 

0,0629 

Clio 

2354 

8,15 

90  j 

0,0077 

11 

llnO 

414 

11.2 

12,9 

0,0537 

1,15 

Mi.O 

20,5 

5,4 

0,942 

0,736 

0,174 

f-vn 

17,5 

5,75 

0,848 

0,822 

0,147 

N.O 

23,2 

V.,8 

1,27  j 

0,545 

0,187 

CuO 

25,4 

0,0 

1,15 

0,6 

0,192 

S11O 

H.7 

0,25 

0,243  i 

2,85 

0,037 

f'l.O  | 

12, S 

0,49 

0.328  j 

2,11 

0,0316 

1 

1452,0 

J  .Ml 

22,8  i 

0,0304  j 

12,0 

Al  < j , 

«. 8  ! 

3,8 

0,355 

l,9'i  I 

0,0935 

Iii'Oj 

3<I2,0  i 

7.04 

5,98 

0,110 

0,853 

1.11,0, 
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KEY  s  A  —  Oxide g 

Remark.  o\_,  ^  As  the  effective  cross-section  of  absorption  by  the 
x  y  - 

oxide  in  barns;  f  is  the  density  in  g/ccv  ;  /i,,  _  is  the  linear  coef 
‘x  y  x  y 

ficiert  attenuation  for  oxides  in  cm  ;  Si  is  the  thickness  of  a 

a 

layer  of  the  material  in  cm,  corresponding  to  half-attenuation;  and  W 


in  the  ma;;:;  nuefficiont  of  absorption  in  criZ/g. 
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a 


are  the  differential  cross-sections  of  elastic  and 


where  a  and  O 

e.s  e.s 


dompton  scattering;  <T  ,  &  ,  and  0  are  the  differential  photon  absorption 

P  p3  n 

cross-sections  for  the  photoeffects,  formation  of  electron-positron  pairs, 
ana  nuclear  reactions,  respectively. 


The  last  term  in  equation  (4)  is  significant  only  at  very  high  photon 
energies  when  nuclear  processes  become  possible,  but  for  ordinary  energies 
obtained  in  reactors  and  from  radioactive  isotopes  it  can  be  neglected. 


For  neutron  irradiation, 


<S. 

l 


<5 

e.s 


<f.  + 

l.S 


6 .  , 
aos 


(5») 


where  <T  and  (7.  are  the  cross-eeoticns  of  elastic  and  inelastic 
e.s  i.s 

scattering;  ff refers  to  absorption  processes. 

For  irradiation  with  thermal  neutrons,  the  last  term  in  equation  (;>) 
characterizing  nuclear  reactions  takes  on  decisive  importance.  Absorption 
cross-sections  of  thermal  neutrons  by  certain  oxides  are  given  in  Table  4. 


In  all  cases  of  the  irradiation  of  materials,  the  absorbed  dose  is 
defined  as  the  fraction  cf  the  radiation  energy  transmitted  to  the  target 
material  and,  therefore,  depends  on  the  coefficient  of  attenuation  of  the 
radiation  of  the  materials.  More  exactly,  the  components  of  the  coefficient 
not  associated  with  elastic  scattering  play  the  decisive  role,  therefore 
in  this  process  energy  is  not  transmitted. 


4.  Passage  of  Charged  Particles  Through  Material 

Processes  of  the  interaction  of  charged  particles  with  material  have 
certain  specific  features  compared  with  the  interaction  of  electromagnetic 
radiation.  They  are  aetaiied  in  several  studies  by  Soviet  and  foreign 
authors  [8-1?].  In  this  book  the  authors  do  not  set  out  to  presen '  their 
detailed  examination,  but  limit  themselves  only  to  general  principles 
necessary  for  a  rough  estimation  of  absorbed  dose  when  charged  particles 
act  on  material. 

Let  us  consider  two  cases. 

1.  'Hie  thickness  of  the  sample  is  less  than  the  length  of  the  particle’s 
free  path.  The  absorbed  dose  can  be  estimated  by  the  formula 


O  ^  A  Ent  ■  l  ,0.  Ur* 
fy> 


4  Enl'l, G'lO-8 


rad, 


(6) 
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A 
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where  fa:.  i.i  the  energy  lost  by  the  particle  on  passing  through  the  sample, 
in  Mev;  n  is  the  flux  intensity  in  particies/cm^  •  see;  t  is  the  time  of 
irradiation  in  sec;  8  is  the  linear  thickness  of  the  sample  in  cm;  (>  is  the 
density  of  the  material  in  g/cm^;  ana  8p  is  the  mass  thickness  of  the 
specimen  in  g/cmA 

In  irradiation,  usually  the  current  in  the  beam  of  charged  particles 
is  measured  to  determine  the  dose.  If  the  current  is  measured  in  micro¬ 
amperes,  then  for  protons 

I05=>— I0»  rad 

flp  y  raa* 

For  (X -particles ,  the  absorbed  dose  will  be  determined  by  the  formula 

l)  -  -f- 10®  rad, 

2k 

sin.:e  the  particle  charge  is  twice  as  large  as  the  proton  charge. 


If  a  particle  gives  all  of  its  energy  to  the  sample,  the  absorbed 
dose  can  be  estimated  by  the  formula 


D  =  - 


Enl  ■  1 .6  - 10  11  _  h/i_  c 


where  E  is  the  energy  of  the  incident  particle  in  Mev;  z  is  the  charge  on 
the  particle;  and  R  is  the  length  of  the  particle's  path  in  the  material, 
in  cm. 


To  calculate  the  absorbed  dose,  we  must  know  the  energy  lost  by  the 
particle  in  the  sample  (formula  (6))  or  the  path  length  (formula  (7)). 
Generally,  these  quantities  depend  on  the  energy  of  the  particle,  its 
charge,  and  also  on  the  composition  of  the  material. 

A  rigorous  theory  enabling  us  to  calculate  these  quantities  is  overly 
complex.  However,  for  many  practical  purposes  it  is  sufficient  to  estimate 
tnese  quantities  even  though  within  limits  of  an  order  of  magnitude.  The 
quantity  appearing  in  formula  (6)  can  be  calculated  to  the  first  approxi¬ 
mation  as  proportional  to  the  mass  thickness  of  sample  * ; 


whore  dh/dx  ic  the  etopping  power  of  the  material. 

Heavy  particles  lose  their  energy  practically  continuously;  their 
trajectory  i3  nearly  linear;  and  the  path  length  in  the  material  corresponds 
to  the  depth  of  penetration.  At  energies  usually  employed  in  materials 
science  investigation  (for  example,  not  more  than  100  mega -electron- volts 
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for  protons),  the  main  losses  are  i on i national  (expenditure  of  energy  in 
oxciting  atoms  and  molecules;  and  losses  in  tne  elastic  interaction  of  a 
partial-'1  with  nuclei  of  he  material  or  with  atoms  as  a  whole,  leading 
to  the  displacement  phenomenon.  Losses  caused  by  elastic  collisions  with 
electrons  and  inelastic  collisions  with  nuclei  can  be  neglected.  Therefore, 
practically  all  the  energy  lost  by  a  particle  goes  to  determine  the  absorbed 
dcse  of  the  sample. 

When  electrons  pass  through  a  material,  in  addition  to  ioniuational 
losses  making  the  principal  contribution  to  tne  absorbed  dose,  radiational 
losses  associated  with  the  initiation  of  secondary  radiation,  and  also 
scattering  of  electrons,  their  reflection  from  the  surface  of  the  sample, 
and  so  on  begin  to  play  a  considerable  role. 

lonizational  losses  appearing  in  formula  (8)  and  therefore,  /^E  are 
pr c.portional  to  the  expression 

Ap  _Z_ 
d«  ’  A  ' 

where  p,  Z,  ana  A  are  the  density,  atomic  number,  ana  atomic  weight  of  the 
absorber,  respectively;  and  v  is  the  particle  velocity. 

Since  for  most  elements  //A  0.38-0.5,  that  is,  practically  the 

same,  lonizational  losses  of  energy  ir.  a  material  are  determined  mainly  by 
the  particle  energy  and  by  the  mass  thickness  of  the  sample  )v  =  .  below 

are  indicated  the  specific  ionizational  losses  of  electrons  with  different 
energies  in  aluminum  [e]. 
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KEY:  A  —  liev 

3  —  Mev  •  cm  /g 

2 

Values  of  the  mass  stopping  power  of  protons,  exDressed  in  Mev  •  cm/g, 
for  aluminum  are  given  in  Table  5  and  can  be  used  for  glasses  and  ceramics. 

k.  T I./*  part  icle  loser,  all  its  energy  in  the  sample.  With  the  complete 
absorption  of  a  particle  in  a  sample,  to  calculate  the  absorbed  dose  we 
(■'•act  know  the  length  of  tne  particle's  path  in  the  test  material.  This 
case  is  encountered  most  often  in  practice  when  a  material  is  irradiated 
with  heavy  particles. 
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TABLE  p.  THEORETICAL  VALUES  OP  THE  MASS  STOPPING  POWER  AND  PATH 
LENGTH  OF  PROTONS  IN  ALUMINUM  [l] 
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21,5 
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5 

67,3 
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ii 

20 

19,8 

572,3 

2 

KEY:  A  —  Mev  ♦  om  fg 
3  —  Qg/cm^ 


E’er  the  approximate  estimation  of  the  length  of  the  path  of  protons 
in  air,  we  car.  use  the  formula 

Rair  *  (E/9.;)1*0,  (10) 

where  E  is  the-  proton  energy  ir.  >.e-v . 


This  formula  is  suitable  for  energies  to  200  Kev. 


For  a  rough  estimate  of  the  path  length  in  other  media,  it  can  be 
regarded  as  inversely  proportional  to  the  density  of  the  medium,  that  is 

d  ”  ^air^m^air,  (11) 

v/nere  ^  is  the  density  and  R  is  the  path  length  in  meters. 

The  length  of  the  path  of  protons  with  different  energies  in  aluminum, 
whose  density  is  close  to  the  density  of  many  glasses,  is  given  in  Table  5. 

Half-values  calculated  for  aluminum  based  on  formulas  (10)  and  (11) 
agree  with  those  given  in  Tabic  t>,  with  an  accuracy  to  10  percent.  The 
path  length  of  electro'-"-'  for  li/^it  materials  like  aluminum  and  glasses  is 
determined  with  the  formula 


u  k-  0.?K  cm, 

w/iore  E  the  electron  energy  [y  ] . 


Formula  (12)  is  valid  when  E  >  0.t>  Mev.  For  energies  below  0.!?  Mev, 


a  —  0  •  1  ib  ern  • 
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V.e  must  tv  no  saber  that  duo  to  multiple  sea ti-ri ri;r 
ration  in  the  material  proves  to  he  less  uwn  tit 
ler.f?t;;,  whi.'ji  naturally  also  introduces  an  error  into 
the  absorbed  aoso. 


,  t,h<-  depth  of  purtinJe 
<•  rax imum  possible  path 
the  estimation  of 
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CHAPTER  TWO 

RADIATION  EFFECTS  IN  SOLIDS 


When  nuclear  radiation  acts  on  a  solid,  several  effects  are  produced, 
dependent  both  on  the  kind  and  energy  of  radiation,  and  on  the  nature  and 
properties  of  the  irradiated  material. 

The  action  of  radiation  on  matter  it,  a  complex  process  since  the  same 
kind  of  radiation  can  cause  different  effects.  The  process  is  complicated 
still  further  by  the  fact  that  radiation  exposure  only  in  rare  cases  reduces 
to  the  collision  of  an  incident  particle  or  quantum  with  a  target  atom.  Most 
often,  this  collision  is  only  the  beginning  of  a  chain  of  subsequent  acts, 
the  primary  stage  causing  various  secondary  phenomena,  often  more  severe  and 
ultimately  determining  the  nature  of  the  effect  of  a  given  radiation  on  the 
material  (cf.  scheme). 

Of  all  the  kinds  of  radiation  effects,  we  can  single  cut  three  large 
groups: 

1)  effects  of  the  interaction  of  radiation  with  the  nuclei  of  elements; 

2)  electronic  effectB  (ionization  and  excitation)  caused  by  the  inter¬ 
action  of  radiation  with  the  electron  shells  of  atoms;  and 

3)  displacement  effects  in  which  the  normal  positions  of  the  atoms  (or 
ions)  at  lattice  sites  undergo  changes. 


1 .  Interaction  of  Radiation  With  Nuclei  of  Elements 

The  collision  ol  «  bombarding  particle  with  a  target  nucleus  csn  leHh 
to  various  consequences.  Firstly,  there  may  be  an  interaction  in  which  the 
particle  and  the  nucleus  behave  as  elastic  spheres  flying  apart  after  colli¬ 
sions  in  accordance  with  the  laws  of  elastic  impact  (elastic  scattering). 
Secondly,  interaction  is  possible  which  results  in  the  production  of  a  particle 
of  the  same  kind  as  the  bombarding  particle,  but  the  terminal  nucleus  remains 
in  the  excited  state  (inelastic  scattering).  Finally,  interaction  leading 
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to  changes  in  the  composition  of  the  target  nucleus  and  thus  to  the  flight  of 
a  particle  distinct  from  the  bombarding  particle  (nuclear  transformation)  ia 
possible. 

Neutrons,  not  possessing  a  charge,  interact  very  little  with  the  elec¬ 
trons  of  atoms,  therefore  the  decisive  role  in  the  determination  of  the 
fate  of  neutrons  on  passing  through  a  material  is  played  by  their  interaction 
with  the  nuclei  of  atoms. 

The  absorption  of  a  neutron  leads  to  an  increase  in  the  nuclear  energy 
for  most  elements,  except  the  lightest,  by  about  3  Mev J  (neglecting 
the  kinetic  energy  of  the  incident  neutron).  So  in  the  capture  of  even  a 
thermal  neutron  the  composite  nucleus  passes  over  to  the  highly  excited 
state. 

A  nucleus  in  an  excited  state  exists  only  for  some  time  interval  and 
then  decays  and  passes  into  a  state  with  lower  energy  or  into  the  ground 
state.  This  transition  is  accompanied  by  the  emission  of  nuclear  particles 
or  gamma  quanta. 

It  has  been  established  for  nuclei  with  a  mass  number  in  the  medium 
rang*  (**  5 0 )  that  in  the  region  of  low  neutron  energies  the  largest  cross- 
sections  are  observed  for  the  reaction  (n, y)  —  radiation  capture,  and  in 
the  transition  to  high  energies  scattering  begins  to  predominate.  Reactions 
with  the  emission  of  charged  particles,  for  example,  the  following,  are  ob¬ 
served  for  some  light  nuclei  at  low  energies:  Li°(r,<xr  )H-*;  B10(n,  et  )Li^; 

, 10/  \  10  14/  \  14  \  35 

B  (n,p)Be  $  «  (,n,p;C  ;  and  C  (n,p)S  ,  where  the  cross-sections  of  these 

reactions  are  much  larger  tnan  those  for  radiation  capture.  The  c -oss-section 
of  the  reaction  (n, « )  at  the  isotopes  B10  and  Li^  is  particularly  large. 

//hen  the  mass  number  of  target  nuclei  is  greater  than  40,  processes 
of  the  (n, oc)  type  occur  infrequently.  Processes  of  the  (n,2n)  type  are  more 
probable  for  elements  with  higher  maos  number.  While  the  dependence  of  the 
capture  cross-section  of  slow  neutrons  on  their  energy  in  the  low-energy 
region  is  of  the  form  l/v  (v  is  the  neutron  velocity;,  the  cross-sections  of 
scattering  processes  (n,n)  and  (n,2n)  increase  with  neutron  velocity.  A 
certain  so-called  threshold  neutron  ener'jy  is  needed  for  these  processes  to 
occur,  below  which  they  are  not  observed  at  all.  For  the  process  (n,n)  the 
threshold  lies  in  the  region  of  hundreds  of  kilo-electron-volts,  depending 
on  the  target  element.  The  threshold  of  the  reaction  (n,2n)  for  these  ele¬ 
ments  is  in  the  region  of  several  mega-electron-volts,  where  after  the  at¬ 
tainment  of  an  energy  of  about  20  Mev,  the  cross-section  of  this  process 
changes  but  little. 

When  gamma-rays  paSB  through  a  material,  ruclear  reactions  of  the 
(  Y,n)  and  (  y,p)  types  can  have  an  attenuating  effect.  However,  as  already 
noteu,  these  photonuclear  reactions  are  excited  only  for  a  high  enough  radi¬ 
ation  energy. 


PROCESSES  OCCURIUO  IN  A  SOLID  WHEN  EXPOSED  TO  NUCLEAR  RADIATION 


/KEY  to  scheme  on  preceding  page/ 

A  —  Thermal  neutrons 
B  —  Absorption 
C  —  Excitation  of  nuclei 
D  —  Decay 
E  —  Impurity  atoms 
P  —  Gamma-rays 
G  —  Secondary  gamma-radiation 
H  —  Elastic  recoil  in  decay 
I  —  Displaced  atoms 
J  ~  Scattering  and  absorption 
K  —  Past  electrons 
L  —  Scattering 

M  —  (interstitials,  vacancies) 

N  —  Electronic  processes 
0  —  Alpha-particles,  protone,  and  deutrone 
P  —  Ionization  and  excitation  of  electrons 
y  —  Secondary  interactions 
R  —  Electronic  processes 
S  —  Past  neutrons 
T  —  Energetic  recoil  ions 
U  —  End  of  path 
V  —  Thermal  spikes 


Nuclear  reactions  caused  by  electrons  require  a  very  high  electron  en¬ 
ergy.  The  effective  crosB-eection  of  electron  splitting  of  nuclei  is  about 
400  times  smaller  than  the  corresponding  cross-section  of  photosplitting, 
but  the  energy  thresholds  of  the je  processes  are  the  same.  Nuclear  reactions 
caused  by  electron'  remain  practically  without  significance. 

In  cases  v/hon  bombardment  is  carried  out  with  positively  charged  part¬ 
icles  ,  each  particle  —  before  combining  with  a  target  nucleus  --  must  sur¬ 
mount  the  potential  barrier  produced  by  the  electrostatic  foreeo  of  repul¬ 
sion.  To  overcome  this  barrier  and  to  approach  the  nucleus  at  a  distance 
for  which  nuclear  forces  begin  to  come  into  play,  the  charged  particle  must 
have  a  high  enough  energy. 

Nuclear  reactions  can  affect  the  properties  of  solids  directly  owing 
to  the  formation  of  impurity  atoms;  however,  this  requires  that  a  sufficient 
number  of  nuclei  undergo  transformations.  Of  greatest  importance  are  the 
secondary  processes  accompanying  nuclear  reactions:  ionization  under  the 
effect  of  secondary  gamina-radiati on,  displacements  of  recoil  nuclei,  and  a 
good  many  processes  arising  in  internal  bombardment  of  a  material  with  th<s 
high-energy  products  of  nuclear  reactionn. 
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2.  Electronic  Effects  (ionization  and  Excitation) 

These  effects  arise  virtually  for  exposure  to  all  kinds  of  nuclear 
radiation,  however  their  relative  magnitude  compared  with  other  processes 
fluctuates  widely.  Atoms  are  ionized  in  all  cases  when  the  scattering  of 
bombarding  particles  or  quanta  occurs  at  electrons,  independently  of  the 
atomic  nucleus.  Electrons  receiving  a  high  enough  energy  upon  interacting 
can  leave  their  orbits  and  thus  become  free  electrons.  But  if  the  energy 
imparted  to  electrons  is  inadequate  for  ionization,  they  enter  orbits 
farther  removed  from  the  nucleus,  causing  the  atom  to  become  excited. 

Thermal  neutrons,  owing  to  their  low  energy,  cannot  directly  cause  the 
atoms  of  a  medium  to  become  ionized.  However,  if  the  capture  of  neutrons 
is  accompanied  by  the  emission  of  quanta  and  particles,  ionization  now  takes 
place  as  a  secondary  phenomenon  under  the  effect  of  the  products  of  nuclear 
reactions. 

East  neutrons  produce  ionization  indirectly,  since  the  energy  ac¬ 
quired  from  neutrons  is  expended  by  an  atom  in  ionization  during  secondary 
processes.  Ionization  will  proceed  more  effectively,  the  smaller  the  mass 
of  the  atoms  undergoing  collisions,  so  the  nature  and  magnitude  of  effects 
depend  on  the  position  of  the  target  element  in  the  periodic  system  and  on 
the  neutron  energy. 

Processes  of  ionization  and  excitation  are  the  main  types  of  radiation 
effects  arising  in  a  solid  when  irradiation  by  gamma-rays  and  electrons. 

The  ionization  mechanism  may  vary.  The  main  kinds  of  ionization  processes 
are  the  following . 

1.  Photo ionization.  In  this  case  a  photon  is  absorbed  when  it  inter¬ 
acts  with  an  orbital  electron.  The  energy  of  the  gamma-quantum  is  completely 
expended  in  the  work  of  ionization  and  in  the  kinetic  energy  of  the  expelled 
electron.  Por  small  gamma-quantum  energy,  the  photo-effect  is  predominant 
for  materials  with  a  high  atomic  number. 

2.  Compton  effect.  This  phenomenon  consists  of  the  scattering  of  pno- 
tone  by  free  electrons,  that  is,  by  the  electrons  for  which  the  work  of 
ionization  is  small  compared  with  the  photon  energy.  Since  nearly  all  elec¬ 
trons  have  this  value  for  their  work  of  ionization,  the  Compton  effect  may 
occur  very  frequently.  The  scattering  quantum  loses  energy  and  the  electrons 
participating  in  scattering  acquire  it.  Compton  electrons  then  gradually 
lose  their  energy  through  excitation  and  ionization  of  surrounding  atoms. 

'j.  formation  of  electron-positron  pairs.  Near  heavy  nuclei  when  the 
photon  energy  tu  more  than  1  Mev,  photon  absorption  and  formation  of  an  elec¬ 
tron-positron  pair  may  occur.  The  exceeu  photon  energy  above  the  energy  of 
the  parti  }lea  formed  ia  carried  away  by  them  as  kinetic  energy.  The  positron 
has  a  short  lif etime  and  ultimately  recombines  with  an  electron,  whence  two 


has  a  short  lifetime  and  ultimately  recombines  with  an  electron,  whence 
two  photons  are  formed,  which  together  with  the  electrons  in  turn  cause 
excitation  in  the  ambient  medium. 

Tn  electron  irradiation,  ionization  and  excitation  play  the  main  role. 
If  the  electron  energy  is  less  than  tne  ionization  energy,  radiation  effects 
consist  of  the  excitation  of  target  atoms.  Ionization  processes  begin  with 
an  increase  in  electron  energy,  resulting  in  the  formation  of  secondary 
electrons,  and  ionization  is  extended  to  deeper-lying  orbits. 

For  exposure  with  heavy  charged  particles  exhibiting  high  energies, 
the  main  proportion  of  this  energy  is  expended  in  interaction  with  the 
electron  shells  of  atoms,  where  the  remainder  of  energy  used  in  other  rad¬ 
iation  effects  is  small  up  to  10  percent).  So  the  ionization  density  for 
bombardment  with  charged  particles  is  high.  Only  at  the  end  of  a  flight 
when  the  particle  energy  has  been  sufficiently  reduced  will  the  particle  be 
capable  of  elastic  collisions. 

Electrons  expelled  from  their  orbits,  traveling  through  the  lattice, 
lose  their  energy  by  coloumbic  interaction  with  the  electrons  of  other 
atoms.  The  site  from  which  the  electron  is  expelled,  the  so-called  "hole" 
in  tne  electronic  shell,  also  travels  through  the  lattice,  as  long  as  it 
is  not  captured  by  an  atom  with  the  least  affinity  for  an  electron.  On 
being  captured,  a  hole  can  migrate  in  the  lattice  until  it  meets  an  elec¬ 
tron,  with  which  it  recombines.  Also,  the  capture  of  electrons  and  holes 
can  occur  at  impurity  atoms  present  in  the  material  or  other  structural 
defects,  causing  the  formation  of  color  centers.  Holes  in  the  valency  zone 
initiated  in  ions  with  high  affinity  for  electrons  are  replenished  by  means 
of  atoms  and  ions  with  lesser  affinity,  that  is,  the  hole  migrates  to  the 
least  deep-lying  electronic  levels. 

Formation  of  excited  electronic  states,  color  centers,  free  electrons, 
and  free  holes  substantially  modifies  the  electronic  characteristics  of  the 
material  —  paramagnetism,  optical  absorption,  dielectric  losses,  and  elec¬ 
troconductivity  —  and  causes  photoconductivity,  luminescence,  and  so  on. 


3«  Displacement  Effects 

In  solids  with  molecular,  ionic,  metal,  and  covalent  bond's  for  irradi¬ 
ation  with  electrons,  neutrons,  and  charged  particles,  and  in  some  conditions 
—  also  with  gamma-quanta,  displacement  occurs;  with  thiB  phenomer»n  are 
associated  disturbances  In  the  geometry  of  the  arrangement  of  atoms  and  en¬ 
ergy  changes  leading  to  property  changes  of  the  material. 

Damage  to  a  lattice  caused  by  the  displacement  of  atoms  from  their 
normal  positions  can  be  divided  into  the  following  simple  types  /2 

a)  point  structural  defects;  and 

b)  local  damage  (spikes). 
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Po iii t  Ue:Vcts.  i'oir.t  radiation  defects  cun  include  vacancies,  that 
is,  lattice  sites  from  which  ions  or  atoms  nave  oee.i  expelled;  knoeK-ons, 
that  is,  atoms  or  ions  expelled  from  lattice  sites  lodge  at  interstices  in 
the  nonequilibriu®  state;  displacement s arising  wnen  a  collision  of  a  moving 
atom  or  of  a  particle  with  an  atom  at  a  lattice  site  leads  to  the  atom 
being  expelled,  and  the  kinetic  energy  of  tne  interstitial  atom  is  insuffi¬ 
cient  to  remove  L*  from  the  vacancy  formed  by  it,  wnence  the  bombarding  atom 
can  lodge  in  the  vacant  site,  anc  its  residual  energy  will  be  converted  into 
thermal  oscillations  of  .he  lattice. 

Vacancies  and  knock-ons  do  not  remain  at,  the  points  of  inception,  but 
due  to  the  thermal  motion  of  atoms  they  can  migrate.  If  the  temperature 
ensures  the  mobility  of  defects  ir  the  crystal  lattice,  03  a  rule  they  under¬ 
go  severul  transformations;  first  of  all,  vacancies  and  knock-ons  can  become 
annihilated  upon  direct  collisions;  secondly,  they  can  emerge  at  the  surface, 
that  is,  they  can  cease  to  exist  as  internal  aefects;  ana  thirdly,  they  can 
cluster  at  impurities  and  otner  defects  present  in  the  solid,  in  particular, 
at  dislocations. 

Irradiation  with  gamma-rays  always  leads  to  tne  internal  bombardment 
of  a  material  by  electrons  with  high  enough  energy,  which  can  cause  the 
displacement  of  atoms.  The  recoil  of  nuclei  when  emitting  secondary  gamma- 
quanta  can  also  lead  to  displacement. 

In  addition  to  the  effect  of  internal  bombardment  with  electrons  and 
the  direct  recoil  of  nuclei,  two  more  possible  mechanisms  for  the  initia¬ 
tion  of  displacement  in  gamma-irradiation  have  been  proposed.  According 
to  Leitz  ^2_y ,  local  regions  of  electronic  excitation  are  formed  —  exci- 
tons,  which  on  transferring  energy  to  the  lattice  promote  the  pinning  of 
point  defects. 

A  mechanism  proposed  by  Varli  is  applicable  to  materials  with 

ionic  bonds.  It  reduces  to  the  fact  that  in  irradiation  some  negative  ions 
as  the  result  of  multiple  ionization  can  change  their  charge  sign  and  exist 
in  an  unstable  position,  from  which  as  the  result  of  thermal  oscillations 
they  can  be  knocked  into  interstitial  sites  by  the  action  of  surrounding 
positive  ions.  A  vacancy  in  the  lattice  is  capable  of  capturing  an  elec¬ 
tron  and  being  converted  into  a  color  center. 

For  atom  displacements  to  take  place,  electrons  —  owing  to  tneir  low 
mass  —  must  travel  at  relativistic  velocities.  In  this  case,  coulombic 
interaction  of  an  electron  with  a  target  nucleus  leads  to  displacement. 

Local  damage  (spikes)  are  produced  when  a  solid  la  bombarded  with  fact 
neutrons  or  with  high-energy  heavy  particles,  in  particular,  particles  emit¬ 
ted  in  nuclear  reactions.  In  this  cane,  an  atom  receiving  a  high  enough 
momentum  in  its  primary  collision  and  traveling  through  the  lattice  causes 
other  nearest  atoms  to  be  displaced.  A  cascade  of  di ^placements  is  formed, 
resulting  in  the  initiation  of  a  region  with  a  very  high  density  of  dis¬ 
placements  —  a  displacement  spike. 
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Since  in  irradiation  it  is  not  the  individual  atoms  but  the  crystal 
lattice  as  a  whole  that  undergoes  exposure,  the  atom  receiving  a  sufficient 
impact  in  order  to  begin  vibrating  with  the  large  amplitude  will  rapidly 
transfer  energy  and  excite  neighboring  atoms.  Local  excitation  arises  in 
the  lattice,  similar  to  rapid  heating  of  a  bounded  region  to  high  tempera¬ 
ture  -«  thermal  spike.  If  the  excitation  of  atoms  in  a  spike  is  suffi¬ 
cient  to  displace  large  number  of  atoms,  a  displacement  spike  is  formed. 
Since  the  temperature  in  the  spike  region  rises  extremely  rapidly,  and 
also  owing  to  the  effect  of  surrounding  material,  this  region  is  close  to 
the  state  of  a  superheated  solid,  and  melting  of  the  material  is  possible 
in  the  very  center  of  the  spike.  The  danger  of  heating  can  never  arise  in 
gamma-irradiation  owing  to  its  high  penetrating  power. 

Zones  of  microheating  can  also  arise  along  the  initial  sections  of 
charged  particle  trajectories,  and  the  probability  that  initiation  is  the 
greater,  the  higher  the  ionization  density.  Heating  results  from  nonradia- 
tive  transformation  of  the  energy  of  excited  atoms,  that  is,  its  transfer 
to  the  crystal  lattice.  This  applies  mainly  to  the  case  of  bombardment 
with  heavy  charged  particles, 

Obviouoly,  properties  of  any  solid  change  markedly  if  an  appreciable 
fraction  of  its  atoms  are  displaced  from  their  normal  positions  and  if  the 
diffusion  rate  is  not  high  enough  to  eliminate  the  effect  of  displacements. 

The  presence  of  any  specific  type  of  radiation  effects  in  the  pure 
form  is  possible  only  in  rare  cases.  Usually  different  types  of  effects 
(primary  or  secondary)  coexist,  sometimes  causing  contrary  consequences. 

The  external  manifestation  of  radiation  effect  can  proceed  as  follows* 

1)  changes  in  the  material's  properties  related  to  structural  damage. 
These  include  not  only  changes  in  "geometrical”  structure,  thst  is,  the 
relative  arrangement  of  atoms  (ions)  of  the  material,  but  also  disruption 
of  force  interaction  between  individual  structural  elements  (the  formation 
of  stresses  between  the  defect  region,  change  in  depth  of  potential  wells, 
in  frequencies  of  oscillations,  and  so  o n)j 

2)  changes  iu  properties  associated  with  the  state  of  electrons  in 
the  material,  so-called  electronic  or  hole  properties;  and 

3)  changes  in  the  rates  of  individual  processes  ongoing  in  the  solid. 
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CHAPTER  THREE 


INDUCED  OPTICAL  ABSORPTION  OP  SIMPLE-COMPOSITION 

GLASSES 


Two  kinds  of  absorption  in  crystals  and  glasses  are  differentiated: 
intrinsic  and  supplementary.  Intrinsic  absorption  generally  lies  in  the 
ultraviolet  spectral  region  and  is  caused  by  the  excitation  of  electrons 
in  the  material 't;  atoms.  Bands  of  intrinsic  absorption  have  a  sharp  long¬ 
wave  edge  and  a  sizeable  coefficient  of  absorption  at  the  maximum.  Supple¬ 
mentary  or  induced  optical  absorption  ia  produced  by  color  centers:  by 
electrons  or  holes  localized  at  lattice  defects. 

The  structure  of  color  centers  cannot  be  regarded  as  eataoiianed. 
Several  models  of  electron  and  hole  centers  have  been  proposed  in  the 
studies  [ 1 —6 ] .  Essentially c  models  of  F-oenters  amount  to  the  following: 

the  center  is  an  electron  captured  by  an  anionic  vacancy  (de  Bour 
model); 

the  center  ia  an  interstitial  cation  capturing  an  electron  (Gil'sb- 
Polya -Frenkel’  model);  and 

the  center  has  two  modifications  (Varly  model)  —  the  first  of  these 
is  the  de  Bour  model,  and  the  second  ia  an  electron  localized  at  a  vacant 
anionic  site  captured  by  the  metal  atom.  At  present  the  de  Bour  model  is 
widely  accepted. 

A  V-center  is  a  negative  of  a  P-center.  The  role  of  electron  is  played 
by  the  hole.  In  addition  to  these  simple  centers ,  there  may  be  various 
combinations  of  them. 

The  complex  absorption  spectrum  observed  for  irradiated  glasses  is 
due  to  the  caaplex  nature  of  color  centers.  Each  color  center  is  responsible 
for  its  specific  band,  however  owing  to  the  complexity  of  glass  composition 
bands  irduced  by  different  color  centers  often  overlap,  therefore  it  ia 
difficult  to  Interpret  bands  and  to  ascribe  their  formation  to  particular 
centers.  However,  investigation  of  absorption  bands  of  simple-ccmposition 
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glasses  can  yield  interesting  data  Tor  our  understanding  of  what  color  cen¬ 
ters  are  and  for  the  directed  synthesis  of  radiation-resistant  glasses. 


1.  Glasses  of  the  System  SiO^-^O^ 

Kats  and  Stevels  [?,  8],  in  studying  alkali-silicate  glasses  contain¬ 
ing  30  mole  percent  alkali  oxide  detected  three  absorption  bands  after 
irradiation.  The  310  n»  (4  ev)  band  was  ascribed  to  the  hole  near  a  non- 
inmobilized  oxygen  atom  and  is  independent  of  the  type  of  alkali  metal. 

The  position  of  the  610  nm  long-wave  band  (^2  ev)  is  quite  stable,  though 
Its  intensity  depends  on  the  glass  composition  and  increases  from  lithium 
to  rubidium  glass,  but  is  the  smallest  for  cesium  glass.  The  band  in  the 
415-490  nm  region  (3-2.5  ev)  is  shifted  toward  the  long-wave  spectral 
region  when  the  alkali  oxide  is  added  in  the  following  order 1  Li^O  ^  Nb20-< 

1^0  RbgO  CSjO  (Fig.  1).  The  nature  of  this  band  is  dictated  by 

the  electron  near  the  alkali  ion, 

Danilov  and  Berbash  [9]  showed  that  absorption  bands  with  maxioas  of 
320,  450,  and  600-620  nm  (3«9»  2,8,  and  2.1-2  ev)  are  induced  in  silicate 
glasses  of  the  composition  Ha,,0  •  2SiQ2  when  exposed  to  gamma-rays.  Investi¬ 
gation  of  the  absorption  of  irradiated  glasses  with  the  composition  Nb20  • 

2Si02,  where  the  amount  of  IfagO  varied  within  the  limits  26-46  mole  percent 
shows  that  an  increase  in  the^Na^O  content  leads  to  a  change  in  the  nature 

of  the  absorption  spectrum,  and  also  to  an  increase  in  absorption  in  the 
ultraviolet,  visible,  and  near  infrared  spectral  regions.  Glasses  contain¬ 
ing  more  than  33  mole  percent  Na20  have  an  absorption  spectrum  with  bands 

in  the  regions  310  and  320  nm  (4  and  2.4  ev). 

Absorption  spectra  of  two-component  potassium-containing  glasses  with 
variable  composition  (Fig.  2)  are  characterized  by  a  stable  band  in  the 
473  nm  (2.6  ev)  region  [lo].  The  ultraviolet  band  [310  nm  (4  ev)]  is 
shifted  toward  the  short-wave  spectral  region  with  decrease  in  K^O  concen¬ 
tration.  The  absorption  maximum  of  glasses  containing  30,  13,  and  1  mole 
percent  K-0  will  be,  respectively,  310,  300,  and  280  nm  (4,  4.1,  and  4.4  ev). 
The  intensity  of  the  long-vave  620  nm  (2  ev)  band  is  proportional  to  the 
K20  content.  If  we  express  the  intensity  ratio  of  the  473  nm  and  620  nm 

absorption  bands  (?<6  and  2  ev)  as  a  function  of  the  potassium  oxide  con¬ 
centration,  we  get  a  curve  with  two  maxima  when  the  KgO  content  is  12.3 

and  20  mole  percent. 

We  must,  note  that  the  intensities  of  ull  bands  deptod  on  the  potassium 
oxide  concentration.  As  a  rule,  the  absorbing  ability  of  a  glass  rises  as 
the  ICO  content  is  raised.  The  only  exception  is  the  band  with  a  maximum 
at  475  nm  (?,6  ev)  and  the  glass  containing  15  percent  Y^O. 
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Pig.  1 .  Spectral  absorption  curves 
of  glasses  with  compositions  70  % 
Si02  and  JO  %  containing  the 

following  oxides 

1  —  of  lithium 

2  —  of  sodium 

3  —  of  potasaium 

4  —  of  rubidium 
3  —  of  cesium 

KEY;  A  —  Absorption  in  # 

B  —  Wavelength  in  nm 


A  a  JHJ  io/ww  t  HJ*J3 

Pig.  2.  Spectral  absorption  curves 
of  glasses  containing  the  following 
compounds,  after  irradiation  with 
x-rays 

1  —  99  %  Si02,  1  io  1^0 
2—95  +  Si02,  3  i»  k20 

3  —  65  %  sio2,  ■:  3  %  l^o 

4  —  70  ^  Si02,  30  %  KgO 

KEYj  A  —  Absorption  in  % 

B  —  Wavelength  in  nm 


KatB  [s]  proposed  the  existence  of  three  following  possible  disruptions 
in  the  Si02  lattices  1)  oxygen  vacancies;  2)  unbound  oxygen  ions;  and  3) 
intermediate  cations  (lattice  modifiers). 

Irradiated  lead-silicate  glosses  (pb0“80  percent,  Si02  -  20  percent) 

yield  three  absorption  bands:  750,  340,  and  375  nm  (1.7,  2.3,  and  3*5  ev) 
[11,  1c].  It  is  suggested  that  during  the  radiation  two  processes  are 
occurring!  capture  of  electrons  at  defects  existing  in  the  glass  before 
irradiation,  and  the  initiation  during  irradiation  of  defects  of  the  same 
type,  which  behave  similarly  to  the  previously  existing  defects,  that  is, 
they  capture  electrons  and  produce  the  same  color  oenters. 


2.  Glasses  of  the  System  Si02-R20-Rx0y 

When  aluminum  oxide  is  added  to  a  glass  with  the  composition  Na„0  • 
4Si02,  a  change  is  observed  in  the  intensities  of  the  340,  480,  and  620  nm 
bands  (3.8,  2,6,  and  2  ev). 
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As  the  content  of  alkali  metal  oxides  is  increased  in  a  glass  with 
composition  80  percent  by  weight  (SiO^  +  R20)  and  20  percent  by  weight 

B20j  (R^O  -  Li20,  IfegO,  K20),  induced  absorption  rises  systematically, 

and  this  function  is  linear  for  potassium  glasses  when  the  KgO  content  is 

about  15  percent  [13]. 

When  oxides  of  alkali  or  alkaline-earth  metals  in  silicate  glasses 
are  replaced  with  PbO  in  equal  molar  ratios  [14]*  the  absorption  spectrum 
undergoes  appreciable  alterations  a  well-defined  maximum  appears  in  the 
region  of  700  nm  (1.8  ev)  and  bands  of  the  visible  spectral  region  dis¬ 
appear. 

The  nature  of  absorption  centers  was  studied  in  relation  to  their 
structure  in  glasses  of  the  system  Na20-Al20j-SiQ2  [15]*  It  was  found 

that  when  there  iB  excess  Al^O^,  the  Al^+  ion  appears  in  sixfold  coordina¬ 
tion,  which  lacks  an  oxygen  for  construction  of  the  tetrahedron. 

The  365  nm  absorption  band  (3.4  ev)  owes  its  appearance  to  the  presence 
of  a  nonbridging  oxygen.  As  the  A120j  content  is  varied,  qualitative  and 

quantitative  changes  occur  in  the  spectra,  which  is  accounted  for  by  the 
tendency  of  Al3+  to  be  incorporated  in  the  network  of  [SiO^]  tetrahedron* 

here  the  deficient  oxygen  atom  ia  introduced  by  Na20.  When  the  Na20tAl20j 

ratio  is  1,  all  of  the  nonbridging  oxygen  is  bound  into  the  [AlO^,]  tetra- 

hsron  and  thereby  a  network  consisting  of  [SiO^]  and  [AIO^]  is  formed. 

Topical  of  gamma-ray  irradiated  boroeilicate  glasses  [16]  containing 
PbO  is  an  absorption  band  when  the  photon  energy  is  02?  nm  (1.5  ev).  This 
absorption  band  ia  attributed  to  Plr*  and  increases  with  a  rise  in  the 
glass  content  of  boron  as  well  as  lead. 

Our  investigations  of  the  spectra  of  induced  optic'*'’  absorption  of 
glasses  of  the  system  Si02-Na20-Rx0y  (R^O^  represents  oxides  of  group  I, 

II,  III,  IV,  and  V  elements)  enables  us  to  find  several  dependences  of  the 
change  in  supplementary  absorption  on  the  particular  variable  component 
involved. 

Absorption  spectra  of  glasses  containing  oxides  of  tin,  antimony, 
arsenic,  germanium,  cadmium,  indium,  and  ruthenium  as  the  variable  compo¬ 
nents  are  shown  in  Fig.  3,  Absorption  spectra  of  these  glasses  have  no 
well-defined  maxima.  The  pattern  of  the  curves  is  quite  smooth.  After 
irradiation  a  marked  increase  in  optical  density  ie  observed  in  the  ultra¬ 
violet  spectral  region  from  300  to  400  nm  (4.I-3.I  ev).  In  the  near  infra¬ 
red  spectral  region  the  optical  density  remains  practically  unchanged.  An 
exception  is  the  glass  with  the  composition  4Si02  ♦  Na20  ♦  0,25As20  (Fig.  3  0), 
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Fig.  4.  Optical  density  of  following  glasses 
a  —  4Si02  •  Ita20  ♦  O.^ZnO 
b  —  4Si02  ■  Na20  •  0.5Pb0 

1  —  before  irradiation 

2  —  after  irradiation  (107  r  dose) 

KEYi  A  —  Photon  energy  in  ev 

B  —  Optical  density 
C  —  Wavelength  in  no 


for  which  the  optical  density  in  the  infrared  rtgion  examined  decreases 
following  irradiation.  In  the  wavelength  range  l-om  400  to  760  nm  (3.1” 

1.6  ev),  a  rise  in  optical  density  was  observed  for  all  glasses  of  this 
group  after  irradiation.  Irradiated  glass  with  a  composition  4$i02  • 

Na20  •  0.5Sn02  (Pig.  3  a)  has  the  lowest  optical  density  in  the  visible 

spectral  region,  TOiis  glass  markedly  surpasses  the  glasses  of  all  listed 
compositions  in  terms  of  its  resistance  to  irradiation. 

We  Bust  »►  arately  consider  the  absorption  spectra  of  glasses  with 
the  composition  4Si02  ♦  JfegO  *  O.^ZnO  and  the  composition  4Si02  ♦  h&20  ♦ 

O.^PbO  (Fig.  4).  Ihe  optical  density  curve  of  the  unirradiated  glass  with 
the  composition  4Si02  •  liao0  «  O.^ZnO  has  a  weak  maximum  in  the  380  nm 

region  (3.3  ev),  which  on  exposure  to  gamma-rays  is  shifted  toward  the 
visible  spectral  region  —  400  nm  (3.1  ev).  typical  of  the  glass  with  s 
composition  4Si02  •  lfegO  •  0.5PB0  after  irradiation  is  intense  absorption 
in  the  ultraviolet  spectral  region.  The  absorption  maxioum  is  observed  st 
300-400  nm  (4. 1-3.I  ev),  and  a  second,  less  intense,  maximum  lies  st 
700  nm  (1.7  ev),  A  rise  in  optical  density  is  noticeable  in  the  near  infra¬ 
red  spectral  region  after  irradiation. 
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Fig.  5*  Optical  density  of  following  glasses 
a  -* -  45102  *  Na20  •  O,25A120a 
b  — ■  4Si02  •  Na20  •  0.5Ca0 
c  —  4Si02  •  Na20  *  0.5BaO 
d  —  4Si02  •  Na20  •  0.25Li20 
e  —  4Si02  •  Ha20  •  0.5Mg0 
f  —  4S102  •  Sa20  *  0 . 5SrO 

1  —  before  irradiation 

2  —  after  irradiation  (107  r  dose) 

KEYi  A  Photon  energy  in  ev 

B  —  Optical  density 
C  —  Wavelength  in  nm 


Absorption  spectra  of  glasses  containing  oxides  of  boron,  magnesium, 
aluminum,  calcium,  barium,  lithium,  magnesium  [sic],  and  strontium  are 
shown  in  Fig.  3.  Spectra  of  the  induced  absorption  of  these  glasses  have 
more  complicated  structures  compared  with  the  above-considered  composi¬ 
tions.  A  supplementary  absorption  band  with  its  maximum  in  the  400-430  no 
region  (3. 1-2,8  ev)  is  induced  in  these  glasses  after  irradiation,  ftiua, 
adding  A^O^  to  a  glass  composition  leads  to  the  appearance  of  an  absorp¬ 
tion  band  with  its  maximum  at  380  nm  (3.3  ev)  (Fig.  5  a). 

Glasses  containing  BaO  and  SrO  as  the  third  component  (Fig.  3  c  and  f) 
have  a  maximum  in  the  630  nm  region  (1.9  ev)  on  the  optical  density  curve. 

The  optical  density  remains  virtually  unchanged  in  the  near  infrared 
spectral  region  for  glasses  of  all  listed  compositions  after  irradiation. 

All  unirradiated  glasses  are  practically  transparent  in  the  visible 
spectral  region  given  the  condition  that  they  do  not  contain  oations  of 
transition  elements,  for  which  transitions  between  multiplet  levels 
are  permitted. 

Upon  irradiation,  the  picture  changes  markedly.  Secondly  electron.") 
formed  after  exposure  to  gamma -raya  migrate  through  the  system  and  becomo 
local ■'".ed  at  the  ions  whose  atoms  have  the  smallest  electroconductivity. 

Firf t  of  all,  this  applies  to  alkali  and  alkaline-eerth  elements.  Actually, 
all  glasses  containing  Li+,  Mg24,  Ca2+,  Si2+,  and  Ba2+  as  the  third  compo¬ 
nent  have  virtually  identical  spectra  after  irradiation.  A  well-pronounced 
band  in  the  400-430  nm  region  (3. 1-2. 8  ev)  in  all  probability  is  due  to 
tho  group  [Mb2+  +  e-].  The  highest  intensity  of  this  band  is  observed  for 
glasses  containing  Li+,  Sr2-*,  and  Ba2+,  and  the  smallest  —  in  glasses  con¬ 
taining  Mg2*  and  Ca2+,  But  this  then  indicates  some  displacement  of  the 
band  in  the  400  nm  region  toward  the  long-wave  region  in  glasses  containing 
Li+,  Sr2+,  and  Ba2+  compared  to  glasses  containing  Ce2+  and.  Mg2*.  The 
highest  intensity  of  this  band  In  a  glass  with  composition  4Si02  •  Na20  • 

0.3Sr0  can  be  explained  by  the  imposition  of  the  intrinsic  resonance 
absorption  of  the  Sr  atom. 

Vith  time  the  nature  of  spectra  of  these  glasses  remains  unchanged, 
and  only  integral  absorption  is  reduced,  to  differing  degrees  in  different 
glasses.  The  inflection  on  the  curve  in  the  600  nm  region  (2.1  ev)  in  all 
probability  indicates  the  presence  in  the  glass  of  oxygen  vacancies  or 
the  formation  of  free  oxygen  atoms  arising  when  electrons  are  transferred 
to  the  alkali  or  alkaline-earth  ion.  This  then  explains  the  fact  that 
glasses  containing  large  amount?  of  ions  with  low  electronegativity 
capable  of  producing  ionic  bonding  have  lower  radiation  resistance  under 
otherwise  equal  conditions. 

It  io  highly  interesting  to  estimate  the  radiation-optical  stability 
(hOS )  of  glasses  an  «  function  of  the  ionic  radii  of  elements  being  varied 
(Table  6),  If  we  arrange  elements  in  the  order  of  increasing  atomic  number, 
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TABLE  6.  DEPENDENCE  OP  RADIATION-OPTICAL  STABILITY 
ON  IONIC  RADIUS 
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3 

0,038  ! 

0,1V 

C-5  W 
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0,39 
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0,32 
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4SiO,-NaiO-0.5MsO 

3 

12 
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0,32 
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0.3 
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! 
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20 
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0,24 
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30 

0,033 

0.4 

C-32  N 

4SiOj  •  NajO  •  O.SOcOj 

4 

32 

0,0!  i 

0.03 

C-33  0 
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1 
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!  0,7 
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iSiO,  •  NajO  •  0,25Nb,Os 
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!  0,74 

C-48  5 

4S;Oj  •  NajO  ■  O.oCtlO 

5 

48 
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I  0,54 

C-49T 

4SiOj  •  NajO  ■  0,251njOs 

49 

0,092 

0.7 

C-GO  U 

4SiO,  •  NajO  •  O.fiSnOj 

GO 

0,007 

0.92 

C-Gl  V 

4SiOj  •  Na20  ■  0,2GSbjO, 

|  , 

j  0,09 

j  0,88 

C-56  * 

4SiO;  •  NajO  ■  0,3  3  a  0 

1 

56 
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1  0,138 

0,2 

C-57  X 

4SiOj  •  N02O  •  0,25LajOi 

6 

57 

1  0,104 

0.59 

C-B2  Y 

4SiOj  ■  NajO  <  0,5PbO 

< 

82 

j  0,120 

0,28 

KEY i  A  —  Glass 

B  —  Composition 
C  —  Period 
L  —  Atomic  number 
of  element 
E  —  Ionic  radius, 
R,  in  run 

P  —  ROS  indicator 
G  —  S-5 
H  —  S-5 
I  —  3-11 
J  —  S-12 
K  —  S-1J 
L  —  S-20 


M  —  3-30 
if  —  S-32 
0  —  S-33 
P  --  S-38 
Q  —  S-40 
R  —  3-41 
S  —  S-48 
T  —  S-49 
U  —  S-50 

V  —  S-51 
W  —  S-56 
X  —  S-57 

Y  —  S-82 


then  within  the  limits  of  the  same  period  we  observe  a  quite  specific  agree¬ 
ment  between  the  ion  sizes  and  the  radiation  stability  of  glasses.  However, 
in  glasses  containing  third-period  elements  the  ROS  is  practically  indepen¬ 
dent  of  the  ionic  radii  of  the  element,  a  possible  explanation  of  this 
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fact  can  be  the  assumption  that  a  considerable  proportion  of  aluminum  oxide 
is  a  glass  forming  agent  and  only  a  lesser  fraction  is  a  modifier.  There¬ 
fore  introducing  aluminum  into  the  silicon-oxygen  framework,  owing  to  the 
relatively  large  dimensions  of  the  [a10^,]  tetrahedron  compared  ith  the 

[SiO.]  tetrahedron,  leads  to  a  drop  in  RuS  even  with  a  reduction  in  the  sizes 

of  the  ionic  radii,  all  the  more  so  since  here  we  must  allow  fo..  "he  co¬ 
valent  radius,  which  is  larger  than  the  ionic. 

An  increase  in  radiation  resistance  with  decrease  in  ionic  radius  is 
observed  for  fourth-period  elements  only  for  the  first  three  elements. 

For  arsenic,  the  radius  of  both  As2+  (6.047  nm)  as  well  as  A a5+  (O.O67  nm) 
is  larger  than  for  germanium  (0.044  nm),  howevtr  the  tendency  to  a  transi¬ 
tion  to  one  valency  state  to  another  is  greater  in  arsenic,  and  this  has 
a  stronger  effect  ona  rise  in  ROS  than  the  relatively  small  increase  in 
ionic  radius. 

For  glasses  containing  fifth-period  elements  ROS  increases  by  a  factor 
of  3.3  when  SrO  (4  d®)  is  replaced  by  ZrO,,  (4d^)  and  Nb20^  (4^ ) •  lMs  is 

related  to  the  touch  smaller  energy  of  the  4d-orbital  in  Zr  and  Nb  atoms 

compared  with  the  Sr  atom,  primarily,  and  to  the  reduction  in  the  ionic 
radius  from  Sr  to  Hb,  in  the  second  place.  Filling  of  the  4d-orbital, 
completed  at  the  Cd  atom,  leads  to  rise  in  the  radius  and  a  reduction  in 
ROS.  Beginning  with  cadmium,  we  again  observed  a  decrease  in  radius, 
which  is  accompanied  by  a  strong  increase  in  ROS.  As  we  move  from  Sn 
(R  «  0,069  nm)  to  Sb  (R  *  0.09  no),  the  ROS  decreases  somewhat,  but  proves 
to  be  considerably  above  the  ROS  of  Indium  glass,  since  antimony  is  more 
prone  to  a  valency  change  than  is  indium. 

Claes  whose  composition  includes  sixth-period  elements  (Ba,  La,  and 
Pb)  are  also  governed  by  this  rule.  Their  stability  in  general  is  low, 
since  the  radii  and  polarizability  of  these  elements  is  quite  high.  Lan¬ 
thanum  glass  proves  to  be  most  resistant,  which  ie  due  to  the  smaller 
radius,  increase  in  charge,  and  thus,  to  the  appreciable  drop  in  polarizabi¬ 
lity. 


The  study  [17]  dealt  with  silicate  glaao  containing  13  mole  percent 
J'20  anu  13  mole  percent  BaO,  SrO,  CaO,  MgQ,  or  BeO.  The  430  no  absorption 

bind  (2,0  ev)  is  somewhat  shifted  toward  the  long-wave  region  of  the  spec¬ 
trum  as  the  change  is  made  from  magnesium  to  barium.  Barium  glass  violates 
this  correlation. 

A  comparison  of  individual  characteristics  of  variable  elements 
enables  us  to  derive  a  certain  dependence  of  the  radiation-optical  stabi¬ 
lity  of  glass  on  electronegativity  (ER),  ionic  radius,  polarizability, 
oxidation-reduction  capacity,  acidity,  or  basicity  of  an  oxide  and  the 
tendency  to  vitrification  1 

1)  a  general  trend  of  a  decrease  in  ROS  with  a  decrease  in  the  i£R 
of  the  introduced  ion  is  observed; 
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Pig.  6.  Dependence  of  radiation- 
optical  stability  of  glass  in  the 
system  SiOg-ltegO-RO  on  the  concen¬ 
tration  of  the  RO  component  being 
varied 

1  —  CdO 

2  —  CaO 

3  —  BaO 

4  —  SrO 

5  —  ZnO 

KBYi  A  —  Transmission  in  $ 

B  ~  Content  of  oxide  in  mole 
1* 


Pig.  7*  Dependence  of  radiation- 
optical  stability  of  glaBs  in  the 
system  SiOg-NagO-RO^  on  the  concen¬ 
tration  of  the  following  component 
being  varied 

1  --  Sn02 

2  —  GeO 

2 

3  —  PbO 

4  —  ZrOg 

KEY i  A  —  Transmission  in 

B  —  Content  of  oxide  in 
mole  io 


2)  adding  oxides  of  the  elements  of  the  main  subgroups  leads  to  a 
smaller  ROS; 

3)  the  more  strongly  the  principal  properties  of  the  oxide  are  pro¬ 
nounced,  the  lower  is  their  ROS  values; 

4)  ROS  decreases  with  increase  in  the  polarizability  of  ions  of  the 
main  subgroups; 

5)  adding  elements  of  secondary  subgroups  as  a  rule  promotes  a  higher 
glass  ROS  value; 

6)  elements  capable  of  a  facile  transition  to  another  valency  nnder 
otherwise  equal  conditions  (EN  and  ionic  radius)  increase  the  ROS; 

7)  for  the  same  principal  quantum  number,  a  rise  in  ROS  increeses  in 
concert  with  a  decrease  in  ionic  radius;  and 

6)  the  ROS  of  a  glass  is  a  periodic  function  of  the  charge  on  the 
nucleus  of  the  element  bsing  varied. 

The  ROS  of  glasses  depend  heavily  on  the  molar  proportion  of  the 
components  being  varied.  For  example,  when  the  content  of  barium  in  a 
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glass  of  the  system  Si02“Na2O-BaO  is  increased  oy  reaucing  the  molar  per¬ 
centage  of  silicon  dioxide,  the  ROS  initially  drops,  but  then  rises  steeply. 
The  minimum  ROS  corresponds  to  roughly  10-1 5  mole  percent  BaO  (Pig.  6). 
Interestingly,  a  content  of  10-15  mole  percent  in  glass  is  the  threshold 
Deyond  which  a  sharp  change  in  ail  kindB  of  properties  of  the  glass  sets 
in  —  electroconductivity,  magnetic  properties,  and  so  on.  The  nature  of 
this  phenomenon  is  not  wholly  clear  and  requires  special  investigation. 

A  similar  pattern  is  observed  with  variation  in  the  GaO  content  in 
glass  —  a  sharp  drop  in  light  transmission  for  a  concentration  of  10-15 
mole  percent  ana  an  increase  in  light  transmission  for  25  mole  percent 
(cf.  Pig.  6).  Nearly  all  glasses  studied  containing  group  2  elements  have 
a  minimum  ROS  at  certain  concentrations .  An  exception  is  represented  by 
glasses  containing  zinc  oxide  as  the  component  being  varied. 

The  effect  of  concentration  on  the  rauiat ion-optical  stability  of 
glasses  containing  certain  oxides  of  group  IV  and  V  elements  as  the  compo¬ 
nent  being  varied  are  shown  in  Pigs.  7  and  0. 


5.  Borp.te  Glasses 

Obviously,  as  is  introduced  into  a  glass  composition  instead  of 

Si0?  new  chemical  bonds  are  Induced.  The  probability  that  color  centers 
typical  of  silicate  glass  of  the  initial  composition  will  form  decreases. 
The  absorption  spectrum  loses  its  well-defined  structure  [9]. 

The  absorption  spectrum  of  irradiated  sodium-silicate  glass  (initial 
composition  Na20  •  }Si02),  represented  by  curve  1  in  Pig.  9»  consists  of 

three  absorption  bands  with  maxims  corresponding  to  the  wavelength  320, 

450,  and  600  nm  (3-9»  2.6,  and  2.1  ev).  The  spectral  absorption  curve 
(curve  2)  corresponds  to  a  glass  with  the  other  extreme  composition  Na?0  • 

>*2°y 

In  terms  of  the  effects  on  an  increase  in  optical  density  of  glaoees 
with  the  composition  A120j  •  2,5B20j  •  1.5MsO  when  irradiated,  >fe2+  cations 

lie  in  the  sc  -tea  Ba-Sr-Ce-Mg  (Pig.  10  a),  and  the  Me+  cations  in  glasses 
with  the  composition  AlgO^  •  *  I.JjlfegO  for®®*1  the  series  K-Na-li 

(Pig.  10  b)  [ie]. 

Bishay  [ie]  noted  that  glasses  with  the  composition  dUO,  •  4. 51  ,0,  . 

c  j  «-  y 

ft20,  fused  in  a  reducing  medium,  nave  prior  to  irradiation  a  much  higher 

transmission  in  the  ultraviolet  region  and  glasses  fused  under  normal 
conditions.  It  was  also  noted  that  the  absorption  band  with  wavelength 
250  nm  (5  ev)  is  possibly  associated  with  oxygen  vacancies,  since  it  is 
very  strongly  pronounced  in  glasses  fused  in  reducing  conditions. 
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Pi g.  8.  Dependence  of  radiation- 
optical  stability  of  a  glass  in  the 
system  SiOg-NagO-RgO^  as  a  ^unction 

of  the  concentration  of  the 

2  x 

component  being  varied 

1  —  NbgO, 

2  --  Sb^ 

3  —  1*205 

KEY*  A  —  Transmission  in  °f» 

B  —  Content  of  oxide  in  mole 

* 


A/tuna  Cami  I  hu  g 


Pig.  9-  Spectral  absorption  of 
glasses  (radiation  dose  5  »  10^  r) 

1  —  Na203  .  3Si02 

2  —  Kb20  .  3B203 

KEY*  A  —  Change  in  optical 
density  in  cm”1 
B  —  Wavelength  in  no 


4/luxa  le/inn  I  mu  g  i\ 

.1  ISO  ISO  JW  7J0  V'  fi/tum  ii*nu  !  ft 

'  >*  ->  ■  ■  i  w  no  i am 


Pig.  10.  Effeot  on  induced  absorption 
at  a  dose  of  1.2  *  107  r  by  the  follow¬ 
ing  replacement 

a  —  Ca2+  replaced  by  Mg2*,  Sr2+  or  Ba2+ 

b  —  Li+  replac  d  by  Sa+  or  K+ 

KEYi  A  —  Change  in  optical  density  in  cm 
B  —  Wavelength  in  no 
C  —  Photon  energy  in  ev 
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Pig.  11.  Effect  of  replacing 
CaO  with  oxides  on  the  radia¬ 
tion  stability  of  a  glass 
(radiation  dose  1.15  •  10?  r) 
of  different  compositions,  in 
mole  $ 

1  —  10Ai205  •  25B205  •  0.75Ca0 

2  —  10A1203  •  25B205  •  1.25CaO 

5  —  10A1203  •  25B203  •  1.75CaO 

4  —  10A1203  *  25B203  •  2.26CaO 

KEYj  A  —  Change  in  optical 
density  in  cm”1 
B  —  Wavelength  in  nm 
C  —  Photon  energy  in  ev 

A  study  [l8]  was  made  of  the  effect  that  CaO  content  has  on  the  inten¬ 
sity  of  glass  darkening.  The  spectrum  (Fig.  11)  has  three  absorption 
bands  with  maxima  550,  350,  and  250  nm  (2,3,  3*5*  end  5  ev).  The  intensity 
of  the  550  nm  band  (2.3  ev)  decreases  with  increase  in  CaO  content,  reaches 
a  minimum,  and  then  increases  again.  The  intensity  of  the  350  na  band 
(3.5  ev)  gradually  decreases  with  increase  in  CaO  content.  For  a  CaO 
content  more  than  1.75  mole,  there  is  an  abrupt  change  in  the  intensity  of 
the  250  nm  absorption  band  (5  ev).  A  decrease  in  the  A1203  content  in 

glass  also  leads  to  a  weaker  intensity  of  the  350  nm  band  (3«5  ev).  The 
reduced  intensity  of  this  band  as  most  of  the  boron  passes  from  the  three- 
coordinated  to  the  four-coordinated  state  can  be  a  consequence  of  the 
tendency  of  three -coordinated  boron  to  capture  electrons  and  to  completely 
fill  its  shell. 
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starting  at  glass  i  (cf  Pig.  11)  where  all  the  boron  is  in  threefold 
coordination,  the  intensity  of  the  250  nm  band  (5  ev)  increases  as  far  aa 
glass  4»  which  has  an  adequate  amount  of  free  oxygen  compared  with  four- 
coordinated  aluminum  and  boron, 

V/hen  lead  oxide  is  replaced  with  titanium  oxide  in  borate  glass,  two 
absorption  bands  appear*  one  at  825  nm  (1.5  ev)  (as  in  the  case  of  lead 
borate  glass)  and  the  seconu  at  1235  nm  (1  ev).  It  is  assumed  that  this 
is  associated  with  the  cnanged  coordination  of  boron. 

In  borate  glasses  [19]  with  the  following  composition  in  percent  by 
weight:  52  24  B^O^,  17  PbQ,  4,5  SiOg,  and  2.4  A120j  receiving  doses 

cf  10^  -  109  r,  absorption  bands  are  induced  at  350  and  5'0  nm  (3.5  and 
2.4  ev).  The  appearance  of  the  360  nm  band  (3.4  ev)  is  attributed  to  a 
reduction  reaction: 


4«  Germans te  Glasses 

Pure  Ge02  was  studied  in  detail  by  Cohen  [.20,  21,  22].  When  prepared 

in  mildly  reducing  conditions,  prior  to  irradiation  this  glass  has  an 
absorption  band  in  the  region  of  245  nm  (5,1  ev),  which  is  due  to  the 
reduced  germanium  dioxide.  Irradiation  with  gamma-  or  ultraviolet  rays 
decolorizes  this  band  and  simultaneously  shifts  the  edge  of  the  absorption 
band  toward  the  shox-t -wavelength  side.  Germanate  glasses  are  less  affected 
by  irradiation  than  their  silicate  analogs.  When  subject  to  ultraviolet 
rays,  sodium  germanate  glass  is  only  slightly  colored  even  when  it  is 
exposed  to  high  radiation  doses.  An  increase  in  coloration  is  observed 
when  calcium  cr  aluminum  is  added  to  the  glass  [23].  The  induced  absorp¬ 
tion  spectrum  of  sodium-calcium  germanate  glass  irradiated  with  a  dose  of 
107  r  consists  of  two  bands  in  the  450  and  64O  nm  regions  (2.8  and  1.9  ev). 


5.  Phosphate  Glasses 

Characteristic  of  irradiated  phosphate  glasses  are  two  absorption 
bands:  525  and  425  nm  (2.3  and  3.8  ev)  [23-29].  Resolution  of  the  absorp¬ 
tion  spectra  of  phosphate  glass  [30]  made  it  possible  to  determine  the 
maxima  of  three  bands  —  540,  450,  and  225  nm  (2.3,  3-8,  and  5.5  ev)  in 
glass  with  the  composition  Al^  ’  2CaO  •  5Na20  •  7P2°5*  An  absorption 

band  with  its  maximum  at  520  nm  (2,4  ev)  is  observed  for  glass  with  the 
composition  AlgO^  •  2BaO  •  21^0  •  2P20^  [31].  When  BaO  in  this  glass  is 

replaced  with  PbO,  the  520  nm  absorption  band  (2,4  ev)  is  weakened  and 
a  new  band  appears  with  its  maximum  near  750  nm  (1.7  ev).  A  glass  with 
the  composition  in  mole  percent:  40  Al^PO^),,  17  Ba(P0^)9,  43  KPOj,  when 

irradiated,  yields  absorption  bands  with  their  maxima  in  the  regions  575 
and  550  run  (3.5  and  2.3  ev). 
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CHAPTER  POUR 

RADIATION-OPTICAL  STABILITY  OP  COMMERCIAL- 
COMPOSITION  GLASSES 


Investigation  of  radiation-optical  ability  of  commercial-composition 
glasses  is  of  great  practical  importance,  determining  their  possible  use 
in  radiation  fields. 


1 .  Quartz  Glass 

Several  studies  deal  with  the  effect  radiation  has  on  quartz  glass 
[l-12].  However,  mo6t  studies  relate  to  optical  properties  of  quartz 
glass  when  irradiated  with  x-  and  gamma-rays,  much  less  often  —  with  neu¬ 
trons,  and  there  iB  very  little  data  on  the  irradiation  of  quartz  glasses 
with  protons  and  electrons. 

Exposure  of  crystalline  and  fused  quartz  to  ionizing  radiation  produces 
additional  absorption  bands  in  the  visible  and  ultraviolet  spectral  regions. 
The  arrangement  of  these  bands,  from  the  data  in  the  study  [l]  is  given  in 
Table  7.  from  what  it  is  clear  that  C-,  A-,  or  A^-  and  Ag-banda  can  be 

initiated  in  crystalline  quartz,  depending  on  the  nature  of  the  sample. 

Noteworthy  are  two  facts  1  first  of  all,  no  B-bands  ever  are  produced 
in  crystalline  quartzj  secondly,  absorption  bands  of  quartz  glass  are  wider 
than  in  crystalline  quartz,  which  is  accounted  for  [2 J  by  the  change  in  the 
interatomic  Si-0  distances.  A  similar  point  of  view  underlies  the  elabora¬ 
tion  of  the  interstitial  theory  of  glass  structure,  by  which  the  distortion 
of  the  silicon-oxygen  tetrahedron  absorbed  in  crystalline  quartz  [3,  4] 
becomes  so  appreciable  in  glass  that  one  can  speak  of  interstitial  oxygen 
ions  [5]. 

The  irradiation  of  quartz  glass  with  fast  neutrons,  higfr-energy  elec¬ 
trons  (0,2-2  Mev),  x-,  and  gamma-rays  from  a  Co60  source  produced  identical 
band  distribution  [l].  High-energy  electrons  are  extremely  effective  in 
forming  ultraviolet  absorption  bands  both  in  terms  of  the  rate  of  their 
formation  as  well  as  tho  absorption  coefficient,  whiob  depends  on  the  energy 
of  the  bombarding  particles  [2]. 
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TABLE  7.  ABSORPTION  BANDS  IN  CRYSTALLINE  AND 
.FUSED  QUARTZ 
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2,3 

5, 9-5,6 

540 

210-220 

A 

C 

KsapueBOc  ctcimo  9 

1  1 

!  2,3 

1  4,1 

5, 6-5,2 

5, 9-5, 6 

540 

300 

220-240 

210-220 

'  A 

B 1 

B, 

C 

1 

KEY*  1  —  Material 

2  —  Band  energy,  in  ev 

3  —  Wavelength  in  nm 

4  —  Band  symbol 

5  —  Crystalline  quartz 

6  —  natural 

7  —  artificial 

a  —  Quartz  glass 


The  initiation  of  absorption  bands  is  determined  not  only  by  the  radia¬ 
tion  acting  on  the  glass,  but  also  depends  very  strongly  on  the  material's 
method  of  preparation  and  its  purity.  Quartz  glasses  can  be  divided  into 
three  groups  by  the  induced  absorption  Bpeotrs  [6]s 

1)  glasses  that  have  three  absorption  groups  after  irradiation*  210- 
240,  300,  540  nm  (5.9-5. 2,  4*1 »  and  2,3  ev),  that  is,  C-,  B-,  and  A-bands; 

2)  glasses  that  have  two  absorption  bands  after  irradiation  with  doses 
up  to  108  ri  210-240  and  300  nm  (5.9“5.2  and  4*1  ev),  that  is,  C-  and  B~ 
bands*  and 

3)  glasses  with  a  C-band  in  the  210-220  nm  region  (5*9”5*6  ev). 

Absorption  Lands  in  quartz  glass  become  wider  up  to  a  certain  radiation 
dose,  and  then  breakdown  of  the  color  centers  during  irradiation  takes  place. 
This  is  observed  for  the  B^band  [l],  as  well  as  for  the  A-band  at  doses 
of  ^ *  1 0'1  ^  neutrons/cm2 3  [7],  Absorption  bands  are  decolorized  also  upon  light 
exposure  (»ur  example,  resulting  from  flashes  of  a  xenon  lamp),  and  thermally 
[7-8j«  And  thermal  and  optical  de-excitation  first  of  all  breaks  down  the 
300  nm  band  (4*1  ev)  and  the  remaining  bands,  much  more  slowly.  When  radiation- 
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resistant  quart/,  glasses  are  irradiated,  initially  lightening  is  observed 
in  the  region  of  the  I^-band,  while  this  effect  ia  not  detected  in  quart;; 

glasses,  which  darken  when  irradiated  [9].  Besides  these  bands,  an  absorp¬ 
tion  band  (7.6  ev)  is  found  for  neutron  irradiation  of  crystalline  and 
fused  quarts,  which  is  not  produced  for  other  kinds  of  irradiation  [9"-1l]* 

The  intensity  of  the  490  nrn  absorption  band  (2.7  ev)  detected  in  crystal¬ 
line  quart2  [12]  was  found  to  be  dependent  on  the  amount  of  aluminum  present 
[13].  A  similar  dependence  was  also  found  for  the  540  nm  band  (2.3  ev)  in 
fused  quarts.  The  role  of  aluminum  in  the  coloring  of  quarts  is  examined 
in  several  studies  [l5**19]»  possible  color  centers  associated  with  aluminum 
have  been  proposed.  However,  it  is  shown  in  the  work  [14]  that  variation 
in  the  lithium  concentration  present  in  quartz  glass  also  affects  absorption 
bands,  as  does  variation  in  aluminum  concentration. 

The  studies  [20-2 1]  indicate  the  relationship  of  color  centers  with 
.structure  of  defects  (oxygen  vacancies).  To  illustrate,  it  is  noted  in 
[21]  that  coloring  is  observed  mainly  when  glass  produced  in  vacuum  furnaces 
is  irradiated;  it  was  found  that  if  glass  not  producing  coloring  in  the 
visible  spectral  region  when  irradiated  is  treated  under  conditions  promoting 
the  formation  of  oxygen  vacancies  (at  lt20°  K  in  silicon  vapor,  and  at 
2270°  K  in  air),  this  treatment  leads  to  coloring  after  subsequent  irradia¬ 
tion. 

The  above  experimental  data  have  received  varying  interpretations. 

We  return  to  some  of  them  in  Section  3,  but  here  we  will  examine  the  experi¬ 
mental  data  as  such. 

We  systematically  investigated  the  effect  of  gamma-rays,  electrons, 
protons,  and  electrons  in  high  vacuum  on  grade  KI  and  KV  quartz  glasses. 


Effect  of  gamma-rays 

Irradiation  of  KI  and  KV  glasses  with  gamma-rays  shows  that  doses  of 
iq4  -  10?  r,  only  KI  glass  changes  its  light  transmission  in  the  visible 
spectral  region  [22J.  Pig.  12  shows  the  change  in  the  integral  light  trans¬ 
mission  of  these  glasses  as  a  function  of  radiation  dose.  In  the  figure 
it  ia  clear  that  KI  glass,  when  irradiated  with  a  dose  1<?4  r,  retains  87 
percent  of  its  light  transmission,  40  percent  —  for  a  dose  10^  r,  2  percent 
—  at  a  dose  10°  r,  but  at  a  dose  of  10'  r  the  specimen  becomes  opaque. 

The  change  ir,  the  light  transmission  of  KV  glass  could  not  be  recorded. 
However,  mi  the  Invariability  of  light  transmission  is  intrinsic  to  these 
gl annua  only  in  the  vieibio  spectral  region. 

At  the  same  asses  interesting  alterations  urn  observed  An  the  ultra¬ 
violet  spectral  region  for  KV  glass  [22]  (Pig.  13).  At  radiation  doass  of 
104  and  lO^5  r,  two  facts  are  striking.  Firot  of  all,  light  transmission 
of  glasses  in  this  case  remains  unchanged  not  only  in  the  visible  spectral 
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Fig.  12.  Dependence  of  light  trans¬ 
mission  of  quartz  glasses  (10  mm 
tnick  samples)  on  dose  of  gamma-ray 
irradiation 

1  —  KI  glass 

2  —  KV  glass 

KEY:  A  —  Transmission  in  percent 
B  —  Lg  dose 


J-nuta  no, moi  a  HM  ft 

Fig.  13.  Spectral  light  transmis¬ 
sion  of  KV  glass  (5  mra  thick  samples) 
in  the  ultraviolet  spectral  region 
at  different  gamma-ray  radiation 
doses 

1  —  unirradiated  glass 

2  —  104  r  radiation  dose 

3  --  105  r 

4  —  106  r 

5  —  107  r 

KEY:  A  —  Transmission  in  percent 
B  —  Wavelength  in  nm 


region,  but  also  in  the  near  ultraviolet  region  all  the  way  up  to  260  nm 
(4.8  ev);  secondly,  irradiation  leads  to  increased  light  transmission  in 
the  range  220-260  nm  (3. 6-4. 6  ev). 

At  a  wavelength  of  240  nm  (5.2  ev),  transmission  of  an  irradiated 
specimen  amounts  to  63  percent,  when  irradiated  with  a  dose  0 L  1CT  r  — 

66  percent,  and  when  irradiated  with  a  dose  of  105  r  —  71  percent.  Con¬ 
firming  that  this  difference  is  not  the  result  of  experimental  error  was 
a  differential  measurement  of  light  transmission  of  irradiated  specimens 
compared  with  unirradiated.  A  light  transmission  value  of  about  105  per- 
oent  was  obtained  for  a  sample  irradiated  with  a  dose  104  r,  and  110  per¬ 
cent  for  a  sample  irradiated  with  a  dose  of  1CP  r.  The  literature  [9] 
includes  data  on  the  increase  in  light  transmission  in  the  240  nm  region 
(5.2  ev),  for  irradiation  with  a  dose  of  10$  r.  The  author  of  [9]  assumed 
that  in  the  glass  there  exist  hole  color  centers,  which  capture  electrons 
freed  when  glass  interacts  with  gamma-rays.  The  breakdown  of  the  centers 
thereby  accounts  for  the  increased  light  transmission. 

However,  even  at  a  dose  10^  r,  we  did  not  observe  this  phenomenon, 
that  is,  electrons  localized  at  hole  centers.  The  presence  of  these  centers 
is  determined  probably  by  impurities  present  in  the  glass.  The  fact  that 
this  effect  was  observed  by  us  for  doses  smaller  than  those  in  the  study 
[16]  is  evidently  accounted  for  by  the  different  purity  of  glasses  used 
in  the  investigation. 
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Fig.  "4»  Dependence  of  additional 
optical  density  of  KI  glass  on  ra¬ 
diation  dose  with  4.8  Mev  protons 
(depth  of  penetrations  a/  0.25  mm) 
KEY:  A  —  Change  in  optical  density 
in  cm"1  2 

B  —  Dose  in  protons/cin 


Fig.  15.  Dependence  of  supplemen¬ 
tary  optical  density  of  glass  on 
proton  energy  for  a  radiation  dose 
of  1015  protons/cm2 

1  —  KI  glass 

2  —  KV  glass 

KEY:  A  —  Change  in  optical  density 
in  cm"1 

B  —  Proton  energy  in  Mev 
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Fig.  16.  Supplementary  optical 
density  of  KV  glass  when  irradiated 
with  4-8  Mev  protons  (c.epth  of  pene¬ 
tration  0.2;)  mm)  2 

1  and  3  —  a  dose  of  10'°  protons/car 

2  —  10^  protons/cm2 

KEY:  A  —  Change  in  optical  density 
in  cm”1 

B  —  Proton  energy  in  ev 


Fig.  17.  Supplementary  optical 
density  of  KI  glass  when  irradiated 
with  protons  _ 

1  —  at  a  dose  of  lO1^  protons/cm  ? 

6.8  Mev  energy  « 

2  --  1016  protons/cm  ,  4«0  Mev 

3  --  lOM  protons/cm2,  4*8  Mev 

KEY:  A  --  Change  in  optical  density 
in  cm"1 

B  —  Proton  energy  in  ev 
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Effect  of  protons 

Irradiating  quarts  glasses  with  high-energy  protons  shows  a  slight 
change  in  the  light  transmission  of  KV  glass  for  a  radiation  dose  up  to 
lO1^  protons/cm2.  KI  glass  becomes  colored  even  at  doses  of  “SO'*  protons/cm^ 
[22].  Ihe  fact  that  KV  glass  does  not  become  darkened  for  gamma-irradiation 
and  darkens  when  irradiated  with  protons  is  accounted  for  by  the  fact  in 
proton  irradiation  in  a  cyclotron  the  absorbed  doee  for  an  exposure  dose  of 
10H  protona/cm^  was  estimated  by  us  to  be  1. 4  •  10®  rad,  while  when 
irradiation  with  gamma-rays  at  a  dose  of  10'  r  was  used,  the  absorbed  dose 
was  8.8  •  lO^  rad.  The  radiation  dose  dependence  of  change  in  optical 
density  proved  to  be  linear  within  the  limits  of  measurement  error  (Pig.  1 4 ) * 
Sere  we  must  bear  in  mind  that  the  change  in  optical  density  is  determined 
only  by  the  absorbing  layer. 


Irradiation  of  specimens  with  different  thicknesses  uBing  identical 
doses  shows  that  within  the  limit  s  of  measurement  error  induced  absorption 


remains  constant.  The  proton  energy  dependence  of  optical  density  was 
investigated  with  KI  glass  for  a  dose  of  lO1^  protons/cm^  (Pig.  15)«  This 


function  is  not  linear.  Optical  density  increases  at  high  energies  more 
rapidly  than  at  small  energies,  which  is  evidently  caused  by  the  increase 
in  path  length  and,  therefore,  in  the  thickness  of  the  coloring  layer. 


Spectral  curves  of  the  increment  in  optical  density  of  KV  and  KI  glasses 
at  different  proton  radiation  doses  and  energies  are  given  in  Pigs.  16  and 
17.  The  specific  details  of  coloring  upon  proton  irradiation  include  the 
absence  of  the  300  nm  (4.1  ev)  B,-band  and  the  appearance  of  A-  and  C- 
bandB.  In  only  one  case  —  for  the  irradiation  of  KV  glass  with  a  dose 
up  to  10*4  protona/cm^  —  was  absorption  corresponding  to  the  B^-band 

deteoted  in  the  region  of  300-320  nm  (4. 1-3,9  «v). 


Effect  of  electrons 

High-energy  electron  irradiation  of  quartz  glasses  shows  that  at 
doses  to  106  r  inclusively ,  only  KI  g]ass  shows  a  change  in  light  transmis¬ 
sion  in  the  visible  spectral  region.  Por  this  glass  the  integral  induced 
optical  absorption  within  the  limits  of  measurement  error  is  independent 
of  the  kind  of  irradiation  (with  protons,  electrons,  or  gamma-rays)  and  is 
determined  to  the  first  approximation  only  by  the  absorbed  radiation  dose 
(Pig.  18). 

Hhe  spectral  increment  in  the  optical  density  of  KI  and  KV  glasses  is 
shown  in  Pig.  19.  All  three  groups  of  bands  familiar  in  the  literature 
are  present  in  the  absorption  spectrum  of  KI  glass.  Only  two  band  groups 
are  observed  in  the  absorption  spectrum  of  KV  glass*  B  and  C. 
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Fig.  18.  Dependence  of 
change  in  optical  density 
of  KI  glasses  as  a  func¬ 
tion  of  absorbed  does  (in 
rad)  of  radiation  of  dif¬ 
ferent  kinds  and  energy 
(0.25  mm  thick  samples) 

—  gamma "ray e  of  Co°® 
e1  —  10  Mev  electrons 

e2  —  0.2  hev  electrons 

P1  —  4*8  Mev  protons 

P2  —  6.8  Mev  protons 

KEY 1  A  —  Change  in  optical 
density 

B  —  Logarithm  of 
absorbed  dose 


Irradiation  with  protons  and  electrons  in  high  vacuum 

Irradiation  of  quartz  glass  with  a  mixed  beam  of  protons  and  electrons 
at  an  integral  doce  of  IQ1®  perticles/om2  and  with  1 00—1 kev  partiole 
energy  under  high-vacuum  conditions  (1.5  •  10"6  -  6.5  •  10“7  n/m2)  showed 
reduced  light  transmission.  Composite  data  on  the  effect  that  electron, 
proton,  and  combined  irradiation  has  on  the  light  transmission  of  glasses 
are  given  in  Table  8,  from  whioh  we  ses  that  protons  with  these  energise 
do  not  oaueo  ooloring  In  quartz  glasses,  This  situation  is  examined  more 
closely  in  flection  3  of  this  chapter. 
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Pig.  19.  Change  in  optical  density 
of  quartz  glasses  (5  mm  thick  samples) 
when  irradiated  with  electrons  at 
energy  up  to  10  Mev 
a  —  KI  glass,  10°  r  dose 
b  —  KV  glass  1 

1  —  105  r  dose 

2  —  iq6  r  dofle 

KEY 1  A  —  Change  in  optical  density 
B  —  Photon  energy  in  ev 


TABLE  8  CHANCE  IN  LIGHT  TRANSMISSION  OP  i'UAHTZ 
GLASSES  WHEN  IRRADIATED  WITH  PROTONS  AND  ELEC¬ 
TRONS 
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KEY 1  1  --  Glass  grade 

2  —  Integral  light  transmission  of 

glass  in  percent 

3  —  initial 

4  —  irradiated  with  protons 

‘j  —  irradiated  with  olectrono 
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2.  Silicate  Glasses 


Colorless  glasses 

Most  commercial  glasses  suffer  a  large  drop  in  light  transmission 
when  irradiated  with  gamma-rays,  neutrons,  and  alpha-  end  beta-particles 
[23-25].  Commercial  glasses  as  a  rule  readily  transmit  gamma-rays  and 
have  neutrons.  Exposure  to  tbiB  kind  of  radiation  causes  coloring  of  a 
glass  throughout  its  thickness.  The  depth  of  alpha-particle  penetration 
in  the  glass  is  very  slight,  therefore  coloring  of  $.aes  occurs  to  a  Bhallow 
depth  (/-^0.04  mm).  Data  we  secured  on  the  change  in  integral  light  trans¬ 
mission  upon  exposure  of  certain  commercial-composition  glasses  to  gamma- 
rays  are  given  in  Table  9. 

From  Table  9  we  see  that  the  concentration  of  color  centers  reaches 
a  saturation  level  for  all  glasses  studied  av  a  radiation  dose  of  10®  r. 

The  optical  absorption  spectra  of  irradiated  commercial -composition  glasses 
had  no  well-defined  bands;  reduced  light  transmission  is  observed  throughout 
the  full  wavelength  range. 


Colored  signaling  glasses 

MoBt  color  glasses  modify  their  optical  properties  when  irradiated. 
Induced  absorption  Bpectra  of  color  glasses  do  not  have  well-defined  absorp¬ 
tion  bands.  Just  as  in  colorless  glasses,  there  is  a  drop  in  light  trans¬ 
mission  throughout  the  wavelength  range.  T»ble  10  giveB  the  light  charac¬ 
teristics  of  "copper  ruby"  type  red  glasses  before  and  after  irradiation 
with  a  dose  of  10®  r. 

From  Table  10  we  see  that  though  the  integral  light  transmission  of 
glasses  of  this  type  drops  off  somewhat,  color  characteristics  of  the 
glasses  remain  practically  unchanged. 

Table  11  gives  data  on  the  change  in  light  transmission  of  certain 
color  glasses  produced  by  all  industry. 

Data  on  the  radiation-optical  stability  of  light  filters  produced 
by  foreign  companies  are  given  in  the  study  [26], 


3.  Effeot  of  Thermal  Prehistory  of  CIsbb  on  Induced  Optical  Absorption 

Above  we  stated  that  radiation-optical  stability  of  a  glass  is  deter¬ 
mined  both  by  glass  chemical  composition  and  structure.  The  thermal 
prehistory  of  the  glass  can  affect  a  number  of  factors  responsible  for 
the  intensity  of  induced  optical  absorptioni  first  of  all,  the  glaBsmaking 
conditions  can  be  reflected  in  the  valency  state  of  certain  elements 
incorporated  in  the  glara,  and  also  on  its  chemioal  composition;  secondly, 
the  regime  of  annealing  or  heat  treatment  of  finished  glass  can  affect  the 
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TABLE  9.  CHANGE  IN  LIGHT  TRANSMISSION  OP  GLASSES 
AFTER  IRRADIATION 
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1  —  Glass  grade 

2  —  Integral  light  transmission 

3  --  prior  to  irradiation 

4  —  after  irradiation  with  listed  doses  in  r 
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TABLE  10.  EPPEC1  OP  GAMMA- IRRADIATION  ON  COLOR 
CHARACTERISTICS  0P_GLAj3SES _ _ 
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TABLE  1 1 .  EFFECT  OF  GAMMA- IRRADIATION  OH  LIGHT 
TRANSMISSION  OF  COLORED  GLASSES 
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concentration  of  defects  capable  of  capturing  electrons  or  holes,  which 
must  also  be  reflected  in  the  number  of  color  centers  following  irradiation; 
and  thirdly,  the  conditions  in  which  the  glasses  heat-treated  can  promote 
diffusion  from  or  into  the  glass  of  an  element  capable  of  affecting  radia¬ 
tion-optical  stability. 

As  examples  confirming  the  validity  of  the  first  assertion,  we  can 
cite  the  effect  that  glassmaking  conditions  have  on  the  radiation-optical 
stability  of  a  glass  containing  cerium  ion  additives.  We  know  well  that 
adding  cerium  to  a  glass  composition  reduoes  the  absorption  of  irradiated 
glasses  in  the  visible  spectral  region  [27-29].  Here  it  is  not  simply  the 
concentration  of  the  cerium  ions  that  is  critical,  but  also  the  valency 
state  in  which  the  ions  exist,  and  this  depends  heavily  on  the  glassoaking 
conditions,  The  question  of  the  effect  that  heat  treatment  conditions 
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have  on  the  radiation-optical  stability  of  a  glass  has  been  studied  much 
leas  than  the  effect  of  glassmaking  conditions,  therefore  we  will  dwell 
on  it  more  closely. 


Radiation-optical  stability  of  annealed  and  hardened  glasses 

Studies  were  made  of  the  radiation-optical  stability  (ROS) 

•'f  the  glasses  K-8,  K-108,  and  K-208,  and  also  of  the  GP  rolled  glass 
produced  by  the  Gusev  Plant  imeni  P.  E.  Dzerzhinskiy. 

K-108  and  K-208  glasses  correspond  to  K-8  glags  in  composition,  but 
to  increase  the  ROS  cerium  dioxide  is  added  tc  their  compositions,  and 
the  cerium  ion  concentration  in  K-208  glass  is  much  higher  than  in  K-108 
glass. 


The  temperature  at  which  extended  heat  treatment  of  a  glass  was  con¬ 
ducted  was  determined  by  the  upper  and  lower  bounds  of  the  annealing  zones, 
namely  850  and  860°  K.  The  heat  treatment  period  was  25,  50,  100,  and 
200  hours.  Additionally,  these  glasses  were  cooled  in  air  under  natural- 
convection  conditions  and  with  liquid  hardening  [30].  The  extent  of  harden¬ 
ing  for  air  cooling  was  0.5  N/cm,  and  2.2  N/cra,  after  cooling  in  liquid. 

The  initial  3  mm  thick  specimens  and  the  3  mm  thick  specimens  subject 
to  heat  treatment  were  irradiated  with  gamma-rays  from  a  Co^O  source.  The 
exposure  radiation  dose  was  10?  r.  Samples  of  K-8  and  GP  glasses  after 
irradiated  acquired  an  intense  brown  color;  tne  color  of  the  K-108  glass 
varied  only  slight;  K-208  glass  remained  virtually  unchanged  in  color. 

The  spectral  absorption  curves  of  irradiated  GP  and  K-8  glasses  after 
heat  treatment  for  different  regimes  are  shown  in  Piga,  20  and  21.  The 
pattern  of  the  spectral  absorption  curves  given  in  these  figures  is  charac¬ 
terized  by  the  absence  of  well-defined  absorption  bands  in  the  visible 
Bpectral  region,  intrinsic  to  moat  complex-composition  glasses.  As  the 
exposure  time  is  extended  at  elevated  temperatures,  the  optical  density 
of  irradiated  glasses  drops  off  throughout  the  wavelength  range  and  in¬ 
creases  with  the  extent  of  hardening.  Table  12  gives  data  characterizing 
the  change  in  the  integral  light  transmission  of  irradiated  glasses  as  a 
function  of  irradiation  preceding  heat  treatment. 

As  follows  from  Table  12,  integral  light  transmission  of  irradiated 
glasses  not  containing  cerium  ions  (K-8  and  GP)  depends  to  a  large  extent 
on  their  thermal  prehistory.  Extended  exposure  of  a  glass  at  the  annealing 
temperature  leads  to  some  increase  in  light  transmission  following  gamma- 
irradiation.  Hardened  glasses,  in  contrast,  are  characterized  by  reduced 
light  transmission. 

The  increase  in  ROS  of  glasses  following  extended  annealing  ib  due 
to  the  ordering  of  the  glass  structure  resulting  from  heat  treatment. 
Evidently,  during  long-term  exposure  of  glasses  at  the  annealing  temperature 
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Fig.  20.  Effect  of  heat  treatment  on  induced 
optical  absorption  of  GP  glass 

1  —  initial  sample 

2  heat  treatment  at  830°  K,  50  hours 

3  —  as  above ,  25  hcura 

4  —  heat  treatment  at  660°  K,  200  hours 

5  —  as  above,  25,  50,  and  100  hours 

6  --  hardened  sample  (2.2  N/cm) 

KEY i  A  —  Optical  density  in  cm"' 

B  — Wavelength  in  nm 


Pig.  21.  Effect  of  heat  treatment  on  induced 
optical  absorption  of  K-8  glass 

1  —  initial  sample 

2  — *  heat  treatment  at  770°  K,  50  hours 

3  —  as  above,  25  hours 

4  —  heat  treatment  at  660°  K,  25  and  50  hours 

5  —  as  above,  100  and  200  hours 

6  hardened  sample  (2.2  N/cm)  ^ 

KBYi  A  —  Optical  density  in  cm 

B  —  Wavelength  in  nm 
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TABLE  1  2 .  El'VECT  OF  GLASS  HEAT  TREATMENT  ON  GLASS 

ROS  [30] 
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the  number  of  structure  defects  of  the  type  of  interstitial  Me  and  0 
ions  capable  of  localizing  free  electrons  and  hole  formed  upon  irradiation 
is  reduced.  But  upon  hardening,  the  number  of  these  defects  in  glasses 
increases,  which  then  leads  to  their  reduced  ROS. 

The  spectral  absorption  curves  of  K-108  and  K-208  glasses  after  dif¬ 
ferent  heat  treatment  conditions  are  virtually  superimposed  on  each  other, 
as  to  be  expected.  This  is  because  the  ROS  of  glasses  with  these  composi¬ 
tions  is  determined  by  cerium  ions,  whose  stabilizing  action  prevails  over 
effects  occurring  in  the  structure  of  glass  resulting  from  its  heat  treat¬ 
ment.  Thus,  this  study  established  a  relationship  between  thermal  pre¬ 
history  and  the  radiation-optical  stability  of  glasses. 


Effect  of  heat  treatment  conditions  on  radiation-optical  stability  of  quartz 
glass 

Yokota  [is]  showed  that  the  heat  treatment  of  glasses  fused  in  the 
flame  of  an  oxygen-hydrogen  torch  substantially  affects  their  ROS.  Thus, 
the  treatment  of  glass  in  silicon  vapor  at  1620°  K  causes  coloration  to 
appear  in  the  visible  spectral  region  upon  subsequent  gamma -irradiation 
with  doses  that  before  treatment  did  not  cause  an  increment  in  optical 
density.  This  was  related  bj  Yokota  to  the  increased  number  of  oxygen 
vacancies  in  glass  after  treatment,  which  also  accounts  for  the  reduced 
ROS.  This  explanation  gave  us  doubts,  since  it  is  difficult  to  assume 
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that  during  melting  glass  is  produced  with  so  few  a  number  of  vacancy 
type  point  defects  that  coloring  does  not  occur  ever  at  radiation  doses 
of  10  <  -  10®  r.  We  also  cannot  presume  that  treatment  of  glass  in  the 
vapor  of  high-purity  silicon  contaminates  glass  with  metal  cations,  whose 
presence  is  responsible  for  the  coloring  of  glass  in  the  visible  spectral 
region. 

More  probable  appears  the  assumption  that  agents  promoting  the  forma¬ 
tion  of  color  centers  and  increasing  the  SOS  of  a  glass  compared  with 
glass  obtained  by  the  vacuum-compression  method  are  present  in  quart2 
glass  melted  in  the  flame  of  a  hydrogen  torch.  Considering  the  different 
technologies,  it  is  natural  to  assume  that  the  increased  KOS  of  a  glass 
melted  in  the  flame  of  a  hydrogen  torch  is  accounted  for  by  the  presence 
in  the  glass  of  hydroxyl  groups,  as  was  advanced  by  Cohen  [32],  and  also 
by  Botvinkin  and  kaporozhskiy  [33].  Without  denying  the  role  of  hydroxyl 
graips,  nonetneless  we  do  assume  that  a  major  contribution  to  the  rise  in 
ROS  of  quartz  glass  is  made  by  free  hydrogen,  whose  role  from  our  point 
of  view  is  more  appreciable  than  that  of  hydroxyl  groups.  Curing  heat 
treatment  free  hydrogen  can  diffuse  from  the  glass,  which  accounts,  as 
we  see  it,  for  the  drop  in  ROS  observed  by  Yokota. 

To  verify  these  statements,  a  series  of  experiments  were  conducted. 
First  of  all  we  thought  it  necessary  to  conduct  heat  treatment  at  much 
lower  temperatures  than  Yokota  used  [l2],  3ince  hydrogen  quite  readily 
diffuses  through  quartz  glass  at  even  lower  temperatures  than  his.  There¬ 
fore  we  selected  temperature  of  about  1 100°  k*.  Samples  of  KV  quartz  glass 
were  heat-treated  for  different  periods  of  time  (up  to  13*20  hours).  The 
2700  nm  absorption  band  was  monitored}  no  changes  in  it  were  recorded. 

The  ROS  was  checked  in  two  waysi 

1)  samples  were  cut  from  each  piece  of  glass;  each  sample  was  heat- 
treated  for  a  specific  time  and  then  irradiated  with  gamma-rays  at  a  dose 
of  10',  using  ft  Co®®  source;  and 

2)  to  cancel  out  the  effect  of  data  scatter  from  sample  to  sample, 
the  kinetics  of  ROS  change  were  observed  as  a  function  of  the  heat  treat¬ 
ment  time  for  the  same  specimens  in  sequence,  for  every  3  hours  of  heat 
treatment.  In  this  case  each  sample  underwent  gamma -irradiation  a  number 
of  times,  and  coloring  was  removed  by  subsequent  heat  treatment. 

Both  methods  yield  similar  results  in  principle.  Optical  density 
was  measured  before  and  after  irradiation  with  gamma-rays  using  a  SV-30 
spectrophotometer,  ltoe  increment  in  optical  density  was  reconverted  to 
a  thickness  of  1  cm.  Though  the  probability  of  the  increase  in  the  number 


*  Similar  treatment  conditions  are  described  in  the  ctudies  [35,  36], 
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Fig.  22.  Effect  of  heat 
treatment  on  supplementary 
optical  absorption  of  quartz 
glasses 

1  —  KV  glass, 1.2  mm  thick 

sample,  250  nm  band 
(5.6  ev) 

2  —  as  above,  240  nm  band 

(5-1  ev) 

5  --  500  nm  band  (4.1  ev) 

4  —  540  nm  band  (2.3  ev; 

5  KV  glass,  12  mm  sample 
thickness,  300  nm  band 
(4.1  ev) 

6  —  as  above,  540  nm  bend 

(2.5  ev) 

7  “*•  KI  glass,  540  mm  band 

(2.3  ev) 

8  --  KI  glass,  previously 

treated  in  hydrogen 
atmosphere 

KEY i  k  —  Change  in  optical 
density  in  cm”1 
B  —  Time  in  hours 


of  oxygen  vacancy  type  defects  resulted  from  each  treatment  at  1 1 00°  K  is 
negligibly  small,  still  for  greater  experimental  rigor,  KI  glass  also 
underwent  heat  treatment  simultaneously  with  KV  glass,  since  if  it  is 
assumed  that  oxygen  volatilizes  from  the  glass,  then  it  must  appear  also 
when  a  glass  prepared  by  the  vacuum-compression  method  is  heat  treated. 
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The  reoults  of  this  study  [34]  are  shown  in  Fig.  22.  Heat  treatment 
leads  to  a  change  in  the  increment  in  optical  density  after  irradiation 
for  all  absorption  bands  observed  in  quartz  glass:  220,  240,  ^00,  and 
54O  nm  (5.6,  5.1,  4.1,  and  2.3  ev)  (corresponding  to  curves  1-4).  The 
fact  that  heat  treatment  altera  all  absorption  bands  is  in  agreement  with 
the  assertion  that  free  oxygen  volatilizes  from  the  glass,  for  its  presence 
in  the  glass  can  reduce  the  concentration  of  both  electron  and  hole  color 
centers.  This  is  also  confirmed  by  the  fact  that  the  increment  in  optical 
density  calculated  per  1  cm  of  thickness  is  much  more  effective  after  the 
heat  treatment  of  thin  samples  than  of  thick,  which  can  be  seen  by  com¬ 
paring  curves  3  and  3,  and  also  curves  4  and  6.  Curves  3  and  4  were 
plotted  after  the  results  of  irradiating  and  heat  treating  1.2  mm  samples 
were  recalculated,  and  curves  5  and  6  —  for  a  12  mm  sample  thickness. 

Heat  treatment  of  KI  glass,  as  to  be  expected,  does  not  cause  appre¬ 
ciable  changes  in  its  ROS  (curve  l). 

The  extremal  pattern  of  the  change  in  intensity  of  supplementary  of 
absorption  in  the  regions  220,  240,  and  300  no  (3-6,  5.1 »  and  4.1  ev) 
shows  that  besides  hydrogen  diffusing  from  glass,  thus  lowering  its  ROS, 
some  other  processes  also  taxe  place,  whose  nature  at  present  is  unclear. 

If  the  mechanism  of  decrease  in  ROS  of  quartz  glass  after  heat  treat¬ 
ment  is  properly  understood,  then  we  should  have  the  opposite  effect: 
treatment  of  quartz  glass  in  hydrogen  atmosphere  must  lead  to  a  rise  in 
its  radiation-optical  stability.  This  is  confirmed  by  studies  of  Soviet 
[34]  as  well  as  foreign  authors  [35>  36].  Results  of  R06  change  after 
a  glass  has  been  treated  in  hydrogen  atmosphere  are  Bhown  in  Table  13. 

From  Table  13  it  follows  that  the  most  intense  rise  in  radiation- 
optical  stability  is  observed  in  the  visible  spectral  region,  and  its 
dependence  on  the  treatment  temperature  is  more  strongly  pronounced  than 
its  time  dependence.  This  indicates  that  the  process  of  the  ROS  increase 
is  diffusional  in  nature.  Naturally,  treatment  of  a  glase  in  hydrogen 
proved  to  be  more  effective  at  elevated  pressures.  Actually,  glasses 
treated  with  hydrogen  at  high  pressure  [36]  revealed  resistance  to  certain 
kinds  of  irradiation.  In  some  glasses  paramagnetic  effects  and  induced 
optical  density  associated  with  the  irradiation  of  glasses  are  diminished 
by  a  factor  of  20.  Irradiation  increases  th'  ' oncentration  of  hydroxyl 
ions,  which  is  confirmed  by  the  greater  absorption  in  the  infrared  region 
(2700  nm)  and  indicates  that  treated  quartz  glass  contains  free  hydrogen. 

Rydrogen  treatment  of  a  glass  was  conducted  as  follows:  the  glass 
was  heated  to  1 1 70°  K  in  hydrogen  atmosphere  at  300  Mn  [meganewtonsj/m2. 
Wien  with  pressure  held  unchanged,  the  glass  was  cooled  down  to  room 
temperature,  and  the  pressure  was  decreased  to  normal,  The  resulting 
glass  contained  0  mole  percent  of  dissolved  hydrogen.  When  glasses  com¬ 
posed  of  SiC2  and  B^Q,  underwent  this  treatment  after  being  irradiated 
with  neutrons  or  gamma -rays,  the  electron  paruiuagne  Lie  resotiauce  signal 
and  absorption  in  the  ultraviolet  and  visible  spectral  regions  ordinarily 
observed  in  glasa«3  were  markedly  diminished. 
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TABLE  13.  EFFECT  OF  TREATMENT  IN  HYDROGEN  ATMGG- 
PIERE  ON  COLORING  OF  Xi  GLASS  WHEN  GAMMA -IRRADIATED 
WITH  A  DOSE  OF  106  r  (2.5  mm  THICK  SAMPLES) 
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KEY: 


1  —  Treatment  regime 

2  —  Charge  in  optical  density  of  glass  at 

listed  wavelength,  in  nm 

3  —  untreated 

4  —  treated 

5  —  2.3  hours  at  1170°  X 

6  —  2.5  hours  at  870°  K 

7  —  5  hours  at  6?0°  K 


As  a  result  of  the  irradiation  of  quartz  glasses  with  neutrons  at  a 
dose  of  1 .2  •  101®  neutrons/cm^,  transmission  was  lowered  down  to  30  per¬ 
cent  at  300  run  (4.1  ev),  2  percent  at  265  nm  (4-7  ev),  and  1  percent  at 
240  nm  (5.2  ev),  while  glass  fci-eated  by  the  above-described  method  and 
containing  2  percent  hydrogen  had,  following  irradiation,  about  80  percent 
transmission  at  300  nm  (4.1  ev),  55  percent  at  265  nm  (4*7  ev),  and  35  per¬ 
cent  ut  240  nm  (5.2  ev). 


In  order  to  eliminate  the  possible  reaction  between  hydrogen  and  SiOg, 

with  hydroxyl  groups  forming,  the  effect  of  preliminary  treatment  of 
quartz  glasses  in  hydrogen  on  the  2700  nm  band  in  the  infrared  absorption 
spectrum  was  examined  before  and  after  the  glasses  were  irradiated  with 
neutrons.  The  irradiation  of  glasses  containing  hydrogen  causes  a  reac¬ 
tion  of  hydrogen  with  SiO^,  and  an  increase  in  the  formation  of  OH  groups. 

We  can  conclude  that  the  increase  in  the  formation  of  nydroxyl  during 
the  irradiation  period  is  directly  proportional  to  the  drop  in  the  concen¬ 
tration  of  color  centers  formed  [36 J. 

Similar  reaults  were  obtained  in  our  own  experiments  [54]*  glass 
samples  were  treated  at  1120°  K  and  at  increased  hydrogen  pressure.  As 
a  result,  we  will  be  able  to  raise  the  radiation-optical  stability  of 
XI  quartz  glass  up  to  doses  of  10^  r.  The  change  in  optical  density  in 
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the  visible  spectral  region  for  a  radiation  dose  of  1 0?  r  did  not  exceed 
0.02  (7  mm  thick  samples),  while  the  initial  glass  with  this  thickness 
virtually  lost  its  transparency  after  irradiation.  Ebe  rise  in  ROS  was 
determined  by  diffusion  parameters  and  increased  with  rise  in  temperature, 
exposure,  and  hydrogen  pressure.  However,  we  must  remember  that  raising 
the  treatment  temperature  to  1370°  K  can  cause  hydroxyl  groups  to  form 
in  the  glass,  which  was  detected  in  the  2700  nm  absorption  band.  An  in¬ 
crease  in  ROS  was  also  observed  in  those  cases  when  the  2^00  nm  band  was 
not  manifested. 

The  question  arises*  is  the  rise  in  ROS  associated  with  the  fact 
that  during  beat  treatment  the  penetration  of  hydrogen  into  glass  ceases 
some  structural  or  chemical  changes,  or  that  free  hydrogen  haa  an  effect 
during  the  irradiation  process?  In  the  first  case,  the  rise  in  ROS  must 
be  irreversible,  and  in  the  second  —  reversible.  Heat  treatment  in  the 
air  at  1120°  K  of  KI  quartz  glass  previously  enriched  with  hydrogen 
showed  that  even  after  15  hours  of  annealing  the  increment  in  optical 
density  in  the  540  nm  region  (2.3  ev)  (for  gamma-irradiation  at  a  dose 
of  105  r*  cf.  Pig.  22,  curve  8)  reaches  a  value  corresponding  to  that  of 
the  Kl  glass. 

These  studies  show  that  the  quartz  glass  ROS  is  determined  by  the 
preeence  in  it  of  free  hyarogen,  which  enters  the  glass  either  during 
melting  or  via  diffusion.  However,  these  two  processes  of  enriching 
glass  with  hydrogen  differ  by  the  fact  that  in  the  first  case  hydroxyl 
groups  responsible  for  absorption  in  the  2700  no  region  are  formed,  and 
OH  groups  do  not  form  In  the  second  case. 

The  increment  in  the  ROS  of  quartz  glass  can  alBO  be  brought  about 
by  treating  it  in  water  vapor  at  tempera tures  of  575-920°  K  and  elevated 
pressure.  Here  quartz  glass  is  crystallized  to  a  depth  of  several  milli¬ 
meters.  To  be  able  to  measure  transmission,  the  crietpbalite  arust  oust 
be  removed.  After  gamma-irradiu  ion  •  th  a  dose  of  10'  r,  an  absorption 
band  appeared  in  treated  specimens  the  region  3200-3500  nmj  absorption 
in  the  2^00  nm  region  was  absent  As  we  can  see  from  Table  14,  a  rise 
in  the  treatment  temperature  increased  the  radiation  resistance  of  the 
glass. 

The  appearance  of  hydroxyl  groups  bringing  about  absorption  in  the 
3200-3500  nm  region  shows  that  water  molecules  break  down  and,  therefore, 
in  addition  to  hydroxyl  groups  free  hydrogen  can  also  exist  in  the  glass, 
and  its  concentration  is  proportional  to  the  number  of  hydroxyl  groupe 
present.  A  similar  relationship  between  hydrogen  and  hydroxyl  groups 
can  also  exist  when  glass  is  melted  in  the  flame  of  an  oxygen-hydrogen 
torch.  Therefore,  it  is  not  precluded  that  the  proportionality  of  ROS 
and  the  hydroxyl  group  concentration  io  brought  about  by  the  proportional 
content  of  hydroxyl  groups  and  hydrogen. 

^experiments  showed  that  an  increase  in  glass  ROS  when  hydrogen  is 
diffused  into  it  takes  place  also  when  hydroxyl  groups  are  not  formed. 
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TABLE  '.4.  EFFECT  OF  TREATMENT  TEMPERATURE  IE 
WATER  VAPOR  ON  OPTICAL  ABSORPTION  OF  QUARTZ 
GLASS  WHEN  GAMMA-IRRADIATED  WITH  A  DOSE  OF  10'  r 
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KEY:  1  —  Treatment  temperature  in  0  K 

2  —  Change  in  optical  density  in  cm 
at  listed  wavelength,  in  nm 


But  it  has  not  been  possible  to  demor^trate  or  refute  the  role  of  hydroxyl 
groups  in  enhancing  the  radiation-optical  stability  of  quartz  glass,  at 
present.  As  for  the  role  of  free  hydrogen  in  raising  the  HOS  of  glass, 
it  becor.EE  evident  not  only  when  glass  is  heated  in  hydrogen  atmosphere. 
Irradiation  with  neutrons  at  energies  up  to  200  kev  even  at  a  dose 
of  about  10®  rad  does  not  cause  coloring  of  the  glass  in  the  visible  spec¬ 
tral  region.  This  evidently  is  caused  by  the  fact  that  the  low  depth  of 
penetration  leads  to  a  high  proton  concentration  (up  to  10"*9  protons/cm^) 
in  the  layer  being  irradiated,  which  then  prevents  coloring  from  being 
initiated.  All  the  foregoing  allows  us  to  assert  that  the  penetration  of 
hydrogen  or  protons  into  a  glass  increases  its  ROS,  and  this  rise  is 
reversible  and  evidently  not  associated  with  chemical  reactions  in  the 
glass. 
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chapter,  five 


KINETICS  OF  THE  ACCUMULATION  OF  COLOR  CENTERS  IN  CLASSES 


The  dependence  of  induced  optical  absorption  on  irradiation  time 
and  in  general  as  a  function  of  dose  in  any  given  form  has  been  investi¬ 
gated  by  all  researchers  studying  color  centers  In  glasses.  The  main 
method  of  study  is  to  plot  curves  describing  the  dependence  of  optical 
density  (or  its  increment)  on  irradiation  time  or  dose.  Finding  the 
time  function  of  optical  density  has  the  same  physical  meaning  as  deter¬ 
mining  the  concentration  of  color  centers,  since  these  quantities  can  be 
regarded  as  proportional.  For  practical  purposes,  it  iB  sufficient  to 
know  the  dependence  of  the  optical  density  increment  on  radiation  dose. 
Here  by  no  mea.._  in  every  case  must  we  reseat  to  decomposing  the  ab¬ 
sorption  bauds  into  elementary  components,  which  is  a  very  laborious 
process.  In  most  cases  curves  of  the  rise  in  optical  density  are  plotted 
without  preliminary  decomposition  of  the  bands. 

In  the  study  [1]  it  is  suggested  that  the  rapid  rise  in  the  con¬ 
centration  of  color  centers  in  the  first  irradiation  stage  is  associated 
with  the  formation  of  color  centers  at  traps  already  present  in  the  glass 
before  its  irradiation  and  the  reduction  in  the  rate  is  associated  wxth 
filling  of  the  traps  formed  during  irradiation. 

The  studies  [2,3]  attempt  to  give  theoretical  methods  of  calcula¬ 
ting  the  concentration  of  color  centers  in  glass  as  a  function  of  dose. 

It  la  assumed  that  the  formation  of  color  centers  is  associated  with 
filling  Lraps  present  in  glass  before  irradiation  while  centers  formed 
are  thermally  stable  nt  room  temperature.  These  theories  are  examined 
closely  in  the  work  [4],  where  the  complexity  of  solving  the  proposed 
differential  equations  and  the  difficulty  of  their  experimental  verifi¬ 
cation  are  quite  properly  emphasized. 

At  the  same  time,  the  phenomenological  approach  to  studying  the 
kinetics  of  the  accumulation  of  c  ilor  centers  has  proven  useful  for  al¬ 
kali-halogen  has  proven  useful  for  alkali-halogen  crystals;  in  this 
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approach  the  parameters  of  the  kins Lie  equation  are  determined  from  ex¬ 
periment  15].  The  approach  is  promising  aiso  in  studying  the  kinetics 
of  the  accumulation  of  color  centers  in  glasses. 


1.  Phenomenological  Equation  of  the  Kinetics  of  the  Accumulation  of 
Color  Centers 

Ionizing  radiation  can  produce  radiation  defects  in  a  pure3y  elec¬ 
tron-hole  proce: o  when  the  electrons  freed  by  radiation  and  the  holes 
are  captured  by  intrinsic  and  impurity  defects  of  the  glass  lattice; 
similar  radiation  defects  can  be  thus  produced  also  in  an  electron-ionic 
process  when  the  energy  of  ionizing  radiation  is  used  in  producing  and 
exciting  new  defects  in  the  glass  lattice  [2].  In  the  first  case,  the 
curve  cf  the  growth  of  absorption  bands  must  tend  to  saturation,  at  which 
point  the  corresponding  finished  defects  will  be  populated  by  electrons 
or  holes. 


Theoretical  curves  of  tne  rise  in  absorption  have  been  derived  in 
the  work  [3]  for  electronic  centers,  but  this  process  easily  lends  itself 
to  tne  phenomenological  description  in  the  initiation  of  both  electronic 
and  hole  centers  [6].  If  for  a  given  Irradiation  intensity,  a  constant 
concentration  of  nonequilibrium  electron-hole  pairs  is  maintained  in  a 
glass,  then  we  can  introduce  the  probability  of  the  initiation  of  color 
centers  for  capture  of  a  charge  carrier,  p,  and  the  probability  that  the 
color  center  will  break  down  on  being  irradiated,  q.  In  addition,  there 
is  a  definite  probability  of  the  thermal  breakdown  of  color  centers  at 
a  given  temperature,  qT<  Then  we  can  write  the  following  equation  for 
the  rise  in  the  color  center  concentration,  n: 

ttnea  [(N  —  n)p  —  ti(ii  +  qr)]dl,  (14) 


where  N  is  the  concentration  of  defects  at  which  color  centers  are  produced; 
and  t  is  the  time  elapsing  from  the  onset  of  irradiation. 

The  solution  of  the  equation  is  as  follows; 
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where  n^  is  the  concentration  of  color  centers  before  beginning  of  irra¬ 
diation;  for  example,  the  5.2  ev  band  in  quartz  glass. 

It  follows  from  olation  of  equation  (15)  that  the  increase  in 

optical  density  must  h„»  a  limit.  The  optical  density  on  attainment  of 
saturation  must  be  characterized  as  the  concentration  of  sites  at  which 
color  centers  are  formed,  as  well  as  the  ratio  of  the  probabilities  of 
their  formation  and  breakdown.  In  practice,  equation  (15)  can  be  used  in 
finding  the  variation  in  the  color  center  concentration  (n  -  n^)  in  the 
optical  density  scale  as  a  function  of  the  irradiation  time: 


n,  --  n 
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_ =  1  „  f-(p|l/iV>;‘ 

«i.-%  i„c-(Hc-Nr)/r- 

From  equation  (16),  we  can  determine  the  quantity  a  =  p  +  q  +  qT< 

To  do  this,  we  must  know  the  increment  in  optical  density  for  irradiation 
times  t^  and  t^  corresponding  to  the  ratio  t^  =  2t^.  In  this  case  the 

experimentally  found  quantity  K  **  (n  -  n.)/(n  -  n  )  is  associated  with 

c  2  v  o 

a  by  the  simple  relationship  K  -  1  “  e"atl,  knowing  a,  we  can  also  deter¬ 
mine  the  pre-exponential  multiplier  in  optical  density  units. 


Fig.  23.  Kinetics  of  variation  :Ln 
optical  density  of  KI  quart?,  glass 
(2  tun  thick  samples)  for  x-ray  ir¬ 
radiation  at  the  absorption  band 
maxima 

1  —  540  nm  (2.3  ev) 

2  —  300  nm  (4.1  ev) 

3  —  215  nm  (5.7  ev) 

KEY:  A  —  Chanf,'1  in  optical  density 
B  —  Time  i-  hours 

The  quantity  qT  can  be  determined  in  approximate  terms  by  studying 
the  isothermal  decolorization  of  glass  after  irradiation  ceases  (cf. 
Chapter  Eight,  Section  4).  However,  at  constant  temperature  and  radiation 
rate  when  no  specific  problems  are  posed,  we  cannot  separate  and  q 
and  we  can  speak  only  of  the  overall  probability  of  color  center  break¬ 
down. 

If  we  have  been  able  experimentally  to  determine  the  ratio  p/a, 
then  it  proves  possible  to  establish  the  concentration  of  defects  in 
glass  responsible  for  the  absorption  in  a  given  spectral  region.  Fig.  23 
shows  the  kinetic  curves  obtained  from  x-ray  irradiation  of  KT.  quartz 
glass  (tungsten  anticathode,  U  =  37  kv;  I  =  20  raa) .  These  curves  are 
characterized  by  the  following  values  of  parameters  A  and  np/a  when  N„  * 

0  (Table  15). 
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Table  15  VAUNS  OF  PARAMETERS  A  AND  Np/a 
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KEY:  A  —  Curve  number  in  Fig.  23 

The  proposed  approach  to  describing  color  center  accumulation  can 
be  used  in  solving  several  theoretical  and  practical  problems  that  are 
considered  in  thin  chapter, 

2.  Combined  Exposure  to  Two  Kinds  of  Radiation 

Investigating  ti  -  kinetics  of  color  center  accumulation  for  simul¬ 
taneous  and  successive  exposure  to  different  types  oi  radiarion  is  of 
interest  from  two  points  of  view.  First  of  all,  the  correlations  found 
will  make  it  possible  to  predict  the  degree  of  glass  coloring  upon  com¬ 
plex  exposure  to  several  kinds  of  radiation.  Secondly,  since  from  the 
experimental  function  L> u  )  one  can  determine  directly  the  product  Np 
in  general,  studying,  the  kinetics  of  color  center  accumulation  for  simul¬ 
taneous  and  successive  exposure  to  two  types  of  radiation  -•  x-ray  and 
ultraviolet  rays  at  producing  new  defects  in  glasses  —  became  extremely 
impi  r  tarit . 

These  studies  revealed  that  the  numerator  of  the  p reexpone  tial 
multiplier  actually  consists  of  the  jooclucts  of  two  quantities  Np,  of 
which  one  quantity,  p,  characterizes  the  interaction  of  radiation  with 
the  glass,  and  the  second  —  N  —  is  a  characteristic  ol'  only  the  glass. 

If  the  quantity  Np/a  found  experimentally  ha a  characterized  only  the 
interaction  of  glass  and  radiation  and  did  not  depend  on  the  concent  ra¬ 
tion  of  defects  in  the  glass,  we  would  have  observed  the  add.t.tlvl  of 
the  concentrations  of  color  centers  produced  by  each  type  of  radiation. 

But  if  we  introduce  into  this  product  the  c>  factor  characterizing  a 
finite  numbf r  of  defects,  then  we  must  have  additivity  of  the  probabili¬ 
ties  p  and  q. 

Exposure  to  one  kind  of  radiation  (for  example,  x-rays)  produces  a 
concentration  of  color  centers  described  by  the  following  equation: 
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when*  no  is  die  concentrat ion  of  color  centers  produced  upon  Irradiation 
by  the  first  source. 

Exposure  to  the  other  rvdiu r . on  source-  (tor  example,  ultraviolet 
radiation)  produces  a  concentrai ion  of  color  centers  determined  by  the 
equation: 
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The 

combined 


equation  characterizing  the  concentration  of  color  centers  for 
exposure  to  two  sources  will  be  of  the  form: 
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Successive  irradiation  by  two  kinds  of  radiation  produces  the 
following  color  center  concentration: 
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From  equation  (17)  it  follows  that  the  saturation  level  for  expo¬ 
sure  tc  the  second  source  must  be  Kp^/a^.  Therefore,  if  the  initial 

concentration  were  higher  than  this  level,  we  would  have  observed  the 
glass  becoming  decolorized,  and  if  lower  —  then  we  would  have  observed 
additional  coloration. 

Experimental  verification  of  these  equations  was  performed  by  the 
authors  on  a  glass  with  the  composition  Na90  •  4Si09.  The  increment  in 

<-  A. 

the  optical  density  of  the.  glass  when  exposed  to  x-rays  from  a  tube  con¬ 
taining  a  tungsten  anticathode  (U  =  37  kv,  I  =>  20  raa)  for  =  0  is 

described  by  the  equation  *  1.14  (1  -  e~°‘16L)  (Fig.  24,  curve  number 

1). 

Siraul tareoua  exposure  to  x-  and  ultraviolet  rays  at  wavelength  250  nm 
from  a  UXL--5QQ  xenon  lamp  leads  t0  a  variation  in  optical  density  obeying 
the  law  An  »  0.9/  (1  -  (Fig.  24,  curve  number  2).  Hence  it 

follows  that  -  0.07  and  Np^/a^  =■  0.57.  The  increment  in  optical  density 

must  be  stabilized  at  the  level  0.57  for  exposure  only  to  ultraviolet  rays. 
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Fig.  24.  Kinetics  of  change  in 
optical  density  of  glass  with 
composition  ^2^  *  4  Si02  at  the 

410  nm  maximum  of  the  absorption 
band  (2.9  ev)  for  sample  thickness 
2  mm. 

1  —  Irradiation  with  x-rays 

2  —  Combined  irradiation  with  x- 

and  ultraviolet  rays 

3  —  Irradiation  with  ultraviolet 

rays 

Kj-.Y :  /•  —  Change  in  optical  density 
B  —  Time  in  hours 


Curve  3  shove  the  variation  in  the  optical  density  of  the  glass  with 
Hq  *  0.61  for  exposure  to  u.traviolet  rays.  The  stabilization  level  cor¬ 
responds  to  0.55,  that  is,  differs  from  the  predicted  value  by  less  than 
4  i/ef'd at,  which  fits  in  quite  well  within  the  error  of  radiation  intensity. 

This  rasuj t  demonstrates  the  principle  that  the  probabilities  of  color 
center  formation  and  breakdown  are  additive  and  shows  that  each  kind  of 
radiation  cannot  act  independently  of  Another  kind.  So  the  parameter  N  has 
an  actual  physical  significance. 


3.  Kinetics  of  the  Accumulation  of  Color  Centers  in  Glasses  with  Additives 
Enhancing  Rad iat ion-op 1 1/ a 1  Stability 

Introducing  a  small  amount  of  oxides;  of  pui /valent  ions  leads  to  a 
decrease  in  the  concentration  of  color  centers  absorbing  in  the  visible 
spectral  region,  but  produces  new  absorp*  ion  hands  in  t  rv.  ultraviolet 
spectral  region. 

According  to  the  work  ; '/ J ,  the  d>  crease  in  <  olor  center  formation  can 
be  caused  by  .he  fact  that  the  additive  competes  wi th  impurities  at  whi'h 
color  centers  art:  f  orm<  d ,  either  in  tie  absorption  of  energy,  or  c.sc-  in 
the  capture  of  electrons  or  holts.  If.  either  case,  tnis  is  i.vini  f  es*  ec 
phenomt-'io logical  ly  in  a  reduction  in  abuorptiun  for  U*r  oriented  -pc-.c tre.’ 
region  compared  with  the  original  glass.  Since  the  g  as:  rru'-tvi*  does 
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not  change  and  since  the  nature  of  the  radiation-glass  interaction  is  al¬ 
so  the  same,  we  can  anticipate  that  the  probability  of  color  center  break¬ 
down  in  this  spectral  region  (for  example,  in  the  visible  region)  after  an 
additive  has  been  introduced  will  remain  unchanged,  that  is,  the  presence 
of  the  additive  reduces  the  probability  of  center  formation,  but  does  not 
interfere  with  the  probability  of  breakdown  of  centers  formed.  Below  it 
will  be  shown  that  because  of  this  circumstance  it  proves  possible 
determine  the  ratio  p/a  and  thus,  N. 

In  examining  a  sodium  silicate  glass  (Na90  —  25%,  Si02  —  75%)  con¬ 
taining  cerium  ion  additives,  the  authors  of  the  work  [8]  started  from  the 
premise  that  adding  variable-valency  ions  does  not  markedly  affect  glass 
structure,  that  digestion  conditions  are  manifested  in  the  equilibrium  level 
of  oxidized  and  reduced  variable-valency  ions,  and,  finally,  that  the  for- 
matio  of  new  traps  during  irradiation  virtually  does  not  take  place  at  all. 
They  proposed  the  following  method  of  describing  the  optical  density  of 
silicate  glasses  irradiated  by  x-  or  y-rays. 


n=nt['i  —  e  vc)‘,  N  =  ntc.  vc, 

where  N  is  the  number  of  holes  captured  by  traps;  nQ  is  the  total  number  of 

electron-hole  pairs  produced  by  radiation;  n  is  the  number  of  holes  captured 
by  Ce3  +  ions;  C  is  the  concentration  of  Ce3  +  ions;  and  V  is  the  volume  of 
charge  capture  by  the  Ce3  +  ion. 

The  proposed  equations  completely  ignore  the  kinetics  of  the  process. 
But  C  changes  its  value  during  irradiation, which  must  be  borne  in  mind. 

Suppose  that  a  polyvalent  additive  is  added  to  the  glass,  and  its 
concentration  is  CQ  *  (where  and  Cjj  are  the  additive  concentra¬ 

tions  in  two  different  valency  states) .  During  irradiation  the  additive 
makes  a  transition  from  state  C"  to  the  state  C',  which  leads  to  a  smaller 
rise  in  optical  density  in  the  particular  spectral  region  in  question 
compared  with  the  original  glass,  that  is,  the  concentration  of  the  corres¬ 
ponding  centers  n  <  n,  where  n„  and  n  characterize  the  concentration  of 
P  P 

color  centers  in  glass  containing  the  additive  and  in  the  original  glass, 
respectively.  The  variation  in  concentration  n^  is  described  by  the  equa¬ 
tion 


diij,  »  [(Af  —  n)f>  —  qn—  {C„—  C')pi]dt. 


If  we  consider  that  the  concentration  C'  varies  according  to  a  law 
similar  to  expression  (15)  then 


%-N'-CePl  + 


Co  P  i 


\  —  e~a,‘)  -!-  C'oPi  —  an,  (18) 
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where  p,  and  a  are  parameters  characterizing  the  accumulation  of  centers 
C'.  Hence 


fC0Pi  C\-.P\ 


ai  a 


(» 


j- 


C.)  P  i 


CpPj 
a  —  a. 


«, 

/ <  —at. 


(e~a,l—c  a‘)-n  —  b[i~e  j  — 


■  m  [e 


-a*  I 


(19) 


Equation  (19)  is  best  represented  in  a  somewhat  different  form,  by 
rearranging  the  terms: 


np  n  —  b  4-  (b  -r  /n)  e  a‘  —  me  a,(;  (19a) 

n  —  a,  =  b  —  (6  -f  m)  me  "a,<.  (190) 


At  the  same  time,  the  kinetics  of  color  center  accumulation  in  a  glass 
containing  an  additive  must  be  described  by  an  equation  of  the  form  (15) : 


A  ' 


-At 


). 


Therefore, 


n-n,=.  ^(\~  e~al)  —  ~  ( 1  —  e~At  j  =- 
a  A 

r?P  _  e-«/  _l  e-/( 

\  a  A  )  a  'A 


(20) 


The  right  terms  of  equations  (19b)  and  (20)  must  be  identical,  hence 
it  follows  that 


Np _ NP 

b  - 

\  __  CnPi  <7i  . 

(21) 

a  A 

n 

\  "t 

j  Ofl! 

Np  ;  . 

—  • r*  b-ytn 

_  Cj-t’iJh  . 

r  ( 

r  P\  f  n‘  , 

—■  o0  —  U(|l, 

(22) 

a 

uiU 

a  -  Ui,  ' 

ui 

*  Parameters  A  and  B  mean  the  samp  as  a  and  p,  but  characterize  thf* 
additive-containing  glass. 
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rn  —  —r- 


i  P  i  p 


a  i  -  A 


(2?) 

(21) 


Fig.  25  Kinetics  of  variation 
in  optical  density  of  glass  at 
the  420  nm  absorption  band 
maximum  (2.9  ev)  for  2  mm  thick 
samples 

1  —  Original  glass 

2  —  Glass  containing  0.3  percent 

Ce2°3 

KEY:  A  —  Change  in  optical  den¬ 
sity 

B  —  Time  in  hours 
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Baaed  on  equalities  (21)  — (24),  we  can  write 

«,-«( 1  <25> 

As  noted  above,  when  a  glass  with  composition  Na^O  ■  4Si02  is  irra¬ 
diated  with  x-rays,  the  kinetics  of  color  center  accumulation  in  optical 
density  units  for  ^  E  2.9  ev  is  described  by  the  equation 


AD  =  ^-[  I 
a 


--at  i 


1.14  (1 


ro.w) 


Adding  0.3  percent  to  this  glass  under  reducing  digestion  con¬ 

ditions  increases  the  relative  optical  density  of  the  glass  (Fig,  25)  and 


AD  =  0.43  (1  -  e0,10t),  chat  is,  b  -  0.71;  m  -  0.43;  A  =  =  0.1. 

Assuming  Q  *  q  =  q^,  and  N  remaining  unchanged,  we  have 

-  A.  -  M!i  ~  o' 24 

yVp  p  ~  0,16^  '  ' 

With  the  system  of  equations  p^/p  *»  0.24;  p^  +  q  »  0.1;  p  +  q  ■  0.16, 
we  find  the  values  p^  ■  0.02;  p  *  0.08,  q^  =  q  *  0.08.  Therefore,  Np/a  = 
N/2  when  cerium  is  not  added,  and  Np^/a^  =*  N/5  when  cerium  is  added. 

The  presupposition  that  q^  *  q  is  an  assumption.  This  compels  us  to 

verify  whether  or  not  it  is  contradicted  by  equations  (21)  and  (23) , 
according  to  which 


m _  Pi  o 

b  ?i  (a  —  Pi) 


(it  —  a,)  pi  q i 


If  we  consider  that  the  increase  in  the  relative  optical  density  is  due 
to  the  presence  of  trivalent  cerium  ions,  then  considering  the  digestion 
conditions,  we  can  take  C^/Cy  to  be  a  very  small  quantity,  since  cerium  is 

present  mainly  in  the  trivalent  state,  m/b  si  p^/q^*  aXa-a^),  and  p-^/q^  ~ 

(a-aj/a  •  m/b  =  0.06/0.16  •  0.43/0.71  ifc  0.23,  which  agrees  well  with  the 
resulting  value  p^/q^  “  0.02/0.08  ■  0.25.  Therefore,  N/2  and  N/5  can  be 

regarded  as  close  to  actual  values. 

This  makes  it  possible,  after  determining  the  conversion  factor,  f.o 
estimate  the  maximum  concentration  of  defects  as  well  as  color  centers  not 
in  the  optical  density  scale,  but  in  percentages  of  the  total  number  of 
structural  elements  of  the  glass  —  Na^O  •  4510^  groups. 

Adding  0.3  percent  reduces  the  optical  density  at  saturation 

by  the  amount  b  «  0.71.  i3y  formula  (21),  b  is  0.03  percent,  that  is, 
one  unit  of  optical  density  is  caused  by  a  center  concentration  of  0.04 
percent,  therefore,  Nt/a  *>  0.046  percent,  and  N  *  0.092  percent,  that  is 
N  <  0.1  percent  which  gives  a  value  close  to  5  ‘10^®  cm“3.  The  same 

result  can  be  obtained  from  formula  (23),  assuming  Cq  to  be  a  small 

quantity. 

Let  us  consider  the  system  of  equations  (21)  -  (24),  which  enables 
us  to  trace  the  relationships  of  parameters  p,  p  ,  and  P  for  different 
Cy  and  Gy  values.  The  main  assumption  made  above  is  that  int"oducing  the 
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additive  reduces  the  probability  that  the  centers  under  study  will  be  formed 
(P  p) ,  but  does  not  affect  their  breakdown  probability  (Q  =  q) .  Then 
equation  (24)  can  be  written  as: 


Pi  -!-  i/i  =  P  -i  q 


(2-1  a) 


In  our  above  example,  we  have  the  equality  q  ■  q^,  therefore,  p^  **  P. 

However,  these  equalities  are  valid  only  when  ~  0  since  in  the  general 

case  with  the  assumption  p^  =  p  and  q^  =  q  equations  (21)  and  (23)  are  not 

compatible.  Therefore,  p^  and  q^,  just  as  P,  are  functions  of  CQ  and  C^, 

and  only  when  ■  0  does  p^  ■  P.  In  the  general  case  the  values  of  P^(Cq, 

Cq),  and  P(Co»  Cq)  satisfying  equations  (21)  and  (13),  are  expressed  very 

awkwardly,  therefore  we  will  limit  ourselves  to  considering  particular 
cases . 

1.  Suppose  Cq  *=  0,  that  is,  the  additive  is  introduced  in  a  valency 

state,  where  the  transition  from  this  state  to  the  state  C  competes  with 
the  formation  of  color  centers  n.  In  this  case  equations  (21)  and  (23) 
become : 


A/p  __NP  _Np  __NP  = 
a  A  a  “i  °°i 

/yp  _  A/P _  Pi  Qj 

A  oj  (a  —  o,)  Oj 


These  equations  are  valid  when 


Pi  *= 
/>  = 


A/p3  \-Np<i  —  Npq  I 
~Np  a  C„  —  C0  <?i 
Sp1 

Np  t  oCo  —  Cp  g  i 


From  the  experimentally  confirmed  assumption  that  q  »  q.. ,  it  follows 

that 


Hence 


Pi  =  P 


a, p _ 

n  i  -c; 


A—al 


■Va-t-  <?Cp. 
N  +  C,  ' 
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For  small  t  values,  we  have 


A*  P 

So  -r  4C, 


U  — « 


Ho  t£C,_ 

C . 


\ 


N*p  k  A1  p  __  ^ 

Up  —  A'a  -  gC0  A  T  C0  )V  +  Co 


2.  Suppose  Cq  =  CQ.  In  this  case  equations  (21)  and  (23)  will 
become: 

jVfL_AVs.JWp_MP_s=  c0 />,<?, 
a  A  «  oa,  ’ 

^  c° 

A  (U  —  0))  Cj 


Equations  are  compatible  when  p.  *  ;  ;  P  «  p, 

1  A/>  —  Cc  y, 

However,  when  P  *  p,  we  have  A  =  a.  =  a,  that  is,  — — = JlL  and, 

1  A  a 

therefore,  S2.E1I J-  ==  0.  ,  The  latter  is  satisfied  only  when  p  =*  0 

au(  1 

and  »  a,  or  when  *  a  and  q  »  0. 

It  also  must  be  noted  that  in  principle  the  decrease  in  the  induced 
absorption  in  a  glass  with  an  additive  introduced  is  possible,  compared  with 
the  original  glass  (a  A),  also  as  a  result  of  the  additive  net  reducing 
the  probability  of  color  center  formation,  but  increasing  the  probability 
of  color  center  breakdown.  In  this  case,  evidently,  A  >a,  therefore,  it 
is  experimentally  easy  to  determine  which  of  these  two  mechanisms  is  at 
work. 


4.  Effect  of  Irradiation  Rate  on  Induced  Optical  Absorption 

To  allow  for  the  effect  of  the  intensity  of  irradiation  on  the  induced 
optical  absorption,  in  equation  (14)  we  must  introduce  the  irradiation  dose 
dD  •  Idt  in  place  of  t: 

dn~  \(N  -  n )  //  -  rtf  -  nqT ]  , 
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where  p'  and  q'  are  the  probabilities  of  color  center  formation  and  break¬ 
down  after  irradiation  with  a  unit  dose. 

Hence  it  follows  that 

Jn_  (,V  -  n)  p-  _  (‘fj+Jr)  nSL^.n  +  1r 

dD  /  /  /  / 

In  equation  (14)  p  and  q  are  defined  for  a  unit  of  time  and  must  be 
proportional  to  the  intensity  of  irradiation.  Hence  it  follows  that  the 
ratios  P'/I  and  q'/I  are  constants  for  a  given  kind  of  irradiation  and  for 
a  selected  glass.  The  quantity  qT  does  not  depend  on  Irradiation  intensity, 

since  it  is  determined  only  the  the  temperature  of  irradiation  and  by  the 
selected  glass. 

The  differential  equation  taking  account  of  the  effect  that  irradiat- 
tion  intensity  has  on  the  kinetics  of  color  center  accumulation  will  be 
of  the  form: 

,Vp—  (/>+  0  +■?£-)  «■  (26) 


1 


The  following  function  is  the  solution  of  this  equation: 


n,  -  -|- 


»/  -L. 


/  Np  \ 

-!/»•;  ?>s-c  -? 

V'1,  7  ) 

A  -  C 

{  Np 

-i 

1  •  •  ?r 

M 

-ip  +  q)  D~g  1 

1  — e 

/ 

•  (27) 


If  equation  (15)  describes  the  process  of  color  center  accumulation 
after  irradiation,  whose  intensity  is  taken  as  unity,  equation  (27)  enables 
us  to  calculate  the  color  center  concentration  at  an  irradiation  intensity 
I,  which  is  important  for  methods  of  testing  glass  for  their  radiation-optical 
stability,  since  it  enables  us  to  compare  the  change  in  optical  density  at 
different  irradiation  intensities. 

Experimentally,  equation  (27)  was  verified  for  a  glass  with  composition 
Na^O  *  4S10,,  for  2  mm  thick  samples.  The  dose  obtained  by  the  sample  after 

being  irradiated  for  one  hour  with  x-rays  on  a  ’JUS-GO  installation  (U  *  i ) 
kv,  I  *  20  ma),  was  adopted  as  the  unit.  In  this  case  for  a  glass  with 
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4Si0,,  p  +  q  +  q» 


0.16  hr“X, 


and  N  -  0.182,  The 


composition  Na^O  ,,  .  ^  , 

increment  in  optical  density  is  described  by  the  equation  *  1.14 

(1  -  eX^°) ,  where  D  is  numerically  equal  to  the  irradiation  time.  The 
intensity  of  irradiation  at  a  current  of  10  ma  is  0.6  -  0.7  of  the  in¬ 
tensity  at  20  ma.  The  quantity  a„  determined  experimentally  from  the 
isothermal  anealing  of  an  irradiation  sample  is  0.02  hr-^-.  Therefore, 
the  dependence  of  the  increment  in  the  optical  density  must  be  described 
by  the  equation  n^  *■  1.07  (1  -  e~®*^^t).  Pig.  26  shows  nt  values  cal¬ 
culated  based  on  this  equation  and  those  obtained  experimentally.  The 
differences  do  not  exceed  10  percent  of  the  measured  quantity. 


Fig.  26.  Kinetics  of  variation  in  optical 
density  of  the  glass  Na,p  *  ^SiO^  at  the  420 

nm  absorption  band  maximum  (2.9  ev)  when  ir¬ 
radiated  with  x-rays  (sample  thickness  2  mm) 

1  —  Calculated  curve 

2  —  Experimental  curve 

KEY:  A  —  Change  in  optical  density 
B  —  Time  in  hours 
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CHAPTER  BIX 


Luminescence  op  classes 


The  phenomenon  of  luminescence  3  c  applied  to  glasses  can  be  viewed  in 
two  ajpcct3  —  strongly  luminescing  glasses  and  glasses  with  reduced  lumi¬ 
nescence,  btrongly  luminescing  glasses  arc  widely  used  in  laser  equipment, 
luminescence  analysis,  and  an  glowing  screens  in  instruments.  However,  in 
h  large  number  of  applications  of  glas3,  luminescence  is  an  undesirable 
effect,  since  it  reduces  the  quality  of  optical  instruments,  because  it 
deteriorate:,  the  clarity  of  imaging;  or,  television  scree  no  and  the  quality 
of  photographs.  This  chapter  examinee  problems  relating  to  luminescing 
glasses  and  the  effect  glars  composition  has  on  luminescence, 


1,  i’roblema  in  the  Thoo.y  of  Excitation  and  quenching  of  Luminescence 

More  than  3^0  years  have  passed  since  the  discovery  of  luminescence, 
however  this  fur  there  iu  no  general  theory  of  luminescence  even  for  cryHale. 
The  reason  lies  in  the  extreme  complexity  of  processes  causing  solids  to 
luminesce. 

by  tbr  definition  of  Vavilov  [i,  p],  iumj.nc. 
the  temperature  emieaiot  of  a  body  if  this  exces 
duration,  much  linger  than  the  period  of  lit,hl.  vi 

Vi,--  - 1  .... 

va  v  .1  j  vv 

spontaneous , 

Bpontaneouu  and  f  .reed  lumineoccii<;e  is  caused  by  the  pro  nonce  in  a 
Uitcrial  -  f  dincrete  center.')  [3].  Lmtilntiioonoe  of  discrete  contujn  is 
onjcited  oy  phosph  ,ru ,  in  which  n]l  olocti'enio  procefiseo  take  place  at 
individual  "phocphoreucing  conlera,"  Individual  '■s  or  molecules  or  their 
combination!)  can  flat  us  these  "renters11 . 

Wo  know  tout  lmidneoci  w  --  of  aolJi  '.logon,  icnyl  sal  to  [4,  3],  boric 
ar.c  sugar  phosphors  [h,  '[],  ano  certain  o  .her  uoliaa  is  toe  phosphorescing 


I  '  )  I  )),|  1  .  .  4  .  fi  r-  1  )  ^ 

[  C  j  T  VrlAL*f»  UC<1  r»l  1  gaSVD  «7J 

ioretd,  and  recombination. 


4  uiTiiiiesoen. 


.1.0  tlli'I’U  KIWIS) 


exooan  over 
u  finite 


7  b 


of  discrete 


Li  i  r.rj,  i  i***  u*i  ^  C t  ^  5  r*  j  J-  J  1  "cl  l»L* 


centers.  ...olio  pnocphors  —  zinc  sulfide,  alkaline-earth, 

silicate,  and  others,  wit),  the  recombination  priospnoresoi.-./ 


...eunaru:-  ,  comprise  tne  group  ox  typical  crystal  phospnors.  fne  act  ox 
li/iit  ab.".< .rpt ion  in  accompanied  in  thc-rc  phosphor::,  by  an  internal  photo 
effect,  and  the  omission  of  the  luminescence  quantum  results  from  the  re¬ 
combination  of  t  10  photoelectron  with  an  activator  ion. 

The  laws  of  the  transformation  of  excitation  energy  into  luminescence 
energy  are  valid  for  all  phoopnora  m  any  states  of  aggregation. 

The  law  of  the  spectral  transformation  of  light  wac  first  formulated  by 

i3toi-.es  [b]  as  a  statement  of  the  necessary  increase  in  wavelength  during 

luminesce  nee  (,7.  la  A  ).  The  physical  content  of  Stokes  law  wau  eluci- 
iuji  _  exc 

a.-, ted  by  uinatein  [9]  cased  on  primitive  ideas  of  the  quantum  theory  of 
light,  A  reduction  in  the  frequency  l4"  light  evidently  means  that  in  the 
active  luminescence  only  part  of  the  energy  absorbed  by  the  phosphor  an 
emitted  (hv  ()r  -<  h^,XQ). 

However,  Stokes'  law  is  frequently  violated  [lO,  •  1  J.  Violations  of 
Stokes1  law  indicate  the  ponFibll ity  of  the  reverse  transition  of  internal 
(thermal)  energy  of  a  body  into  the  energy  of  luminescence  emission, 

Lommel  [ik]  ga \.j  a  more  expanded  formulation  to  v,e  ,aw  jf  t  ,e  spectral 
transformation  of  light.  According  t->  Loromel ,  tr,-  lumi  nt-s c«*nce  bend  an  a 
whole,  and  also  its  intensity  maxi  mm  must  always  be  ehjftec  tows;  l  t  he 
long-wave  aide  uf  the  spun bruin  wjtfj  re r; per, t  to  tl.e  abcoi ptiun  bana  ana  ate 
:,iux.i  mu  iti , 

A  modern  f urmulatj on  of  the  Jaw  of  this  cpcntruJ  tn  ns  format ion  of 
light  hafc  been  given  by  Vavilov  (1,  1^-16]  in  the  formula  of  the  S'ui  loWjfi/; 
principles. 


1,  rirhe  euwr/cy  yield  of  luminescence*  cannot  exceed  unit,/. 


2,  In  ant i-b token  excitation,  that  as,  when  V 


v  (when  P  in 


the  mean  frequency  in  Die  rwJusion  band),  the  wnergy  yiuid  of  photoiutfil* 
jienoenue  must  decay  "3  th  inert  anc  in  tin.  frequency  (Ufionuiou  b'  —  b1  * 

V  V 

and  d-  no  mor"  rapidly  tilt-  lower  tin-  temperature  of  the  body. 

bepeiriJng  on  in  which  form  tiie  energy  in  brought  to  the  luminescing 
bod v ,  photo-oa  th ode -roentgen o-c  1  os  tro-and  other  1  indo  cl'  lumineueeriue  are 
di  I'ferent  iutfcd  [  1 7 1  • 

Luminescent ,■  excited  by  light  quanta  as  called  photol uinlneuccnco • 
Luminescence  o '.cited  by  electrons  is  nulled  cm  thod  !>-.]umineuaoi.oo ,  and 
lumi ne net* not-  caused  by  x-rays  is  culled  rountgerio-luDi i nuRcencc ,  while  when 
y-/7j./‘;  arc  used  it  If  culled  y-J  umaneoeeiice .  'fhe  spec  to  am  of  culhOdb- 
luuijneii'-.en' e  is  iiimJMr  to  tne  phi. wiurriineunenee  spectrum.  Tir  meet 
important  cifi'etence  be tween  ou thod '*-1  Mini  n*n  <:«r>e<j  and  pir-.tex umii.enueiioe  is 
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Fig.  27.  Knergy  '-'one 
diagram  of  a  crystal 
phosphor 


the  short  lifetime  of  luminescence,  not  exceeding  tenths  of  a  second,  and 
sometimes  amounted  to  10“^  -  10~6  soe. 

Fast  heavy  particles  —  ion3,  protons,  neutrons,  and  mesons  can  also 
cause  liquid  and  solids  to  luminc3<;e.  It  in  assumed  that  excitation  oauoed 
by  x-  and  -rays,  and  also  by  bombarding  electrons  or  particles,  causes 
phenomena  similar  tc  what  is  observed  for  exposure  to  ultraviolet  light. 

The  theoretical  banes  of  modem  concepts  of  the  luminescence  mechanism 
of  crystal  phtaphors  i:;  the  zone  theory  cf  colids  [ifl],  Under  this  theory, 
the  energy  spectrum  of  an  el<  otron  in  a  noniced  crystal  lattice  consists 
of  quaaicontinuouQ  energy  zones  and  discrete  local  levels.  Discrete  levels 
are  caused  by  the  "defects"  in  foe  crystal  struovUT’eg  --  foreign  atoms 
impregnated  in  the  crystal,  vacancies  and  atoms  at  interstitial  sites, 
rnoraic  structure,  mierocraoks ,  crystal  grain  boundaries,  external  crystal 
boundaries,  and  so  on.  In  these  discrete  states  electrons  prove  to  be 
localized  either  at  the  actual  "defect:;"  of  the  structure  or  near  it. 

Underlying  tne  ;  one  theory  of  the  luminescence  of  crystal  phosphors 
has  boon  postulated  a  system  of  energy  terms  schematically  shown  in  Fig,  27. 
fiVio  theory  L'  9 3  associates  levels  1>  with  an  accelerator  acided  to  the  crys- 
*  1  during  preparation  of  this  phosphor  and  associates  level  V  with 
ryit/il  structure  defects,  Aonorptlon  of  light  by  1  crystal  leads  to  an 
internal  photoe ffect  and  to  the  transition  of  electrons  from  the  ground 
zone  b  or  from  the-  level  of  activator  I)  into  the  conductivity  zone  C,  These 
transit  to  ■>  are  noted  by  arrows  1  and  2,  respectively . 

Fundi  al  absorption  of  a  crystal  is  associated  with  the  first 
process,  a,  <p elementary  absorption  caused  by  introducing  an  activator 

and  adjoining  long-wave  boundary  of  fundaiuontal  absorption  ifl  asso¬ 
ciated  w; J  h  a  cond  process, 

v/hen  ligM  1  ob.iorbit.  by  tho  activator,  ionize  . ion  luminesoenoe 
cor. tera  u re  nr  u  d,  -:r  an  j.i  sometimes  called,  vacancy  levels  1)  in  the 
erergy  diagram  -  >0  crystal,  absorption  in  tho  lattice  2«  us  to  the 

/■•wiiion  of  he  a  the  lower  zone ,  These  nolos  ore  fii.lu-a  with  electrons 

from  the  acu.ivut  ve  1 ,  Tain  process  in  denoted  with  arrow  j.  It  in  not 

■  V! i  - 


hard  t  '■  s<h-  that  it.  i.-  energetical ly  profitable,  since  it  i3  associated  with 
the  transition  of  electrons  t.o  a  lowe:  level,  As  a  result  of  this  process, 
vacant  levels  i)  are  also  formed. 

borne  of  the  electrons  falling  into  the  conductivity  /.one  C  directly 
iv  'o.-.hine  with  ionization  luminescence  centers,  that  is,  pass  into  the 
vacancy  levels  of  the  activators  (arrow  4).  This  process  is  responsible 
fir  short-term  luminescence,  or  in  the  old  terminology,  the  fluorescence 
of  crystals.  This  component  cf  crystal  phosphor  luminescence  does  not 
appear  at  any  temperatures  no  matter  how  low.  The  remaining  electrons, 
falling  into  zone  C,  are  lodged  at  the  trapping  levels  at  the  sites  of 
crystal  structure  disruption  (transition  5;;  here  the  possibility  of  their 
direct  recombination  with  ionization  luminescence  centers  is  completely 
precluded.  This  recombination  will  require  preliminary  liberation  of  an 
electron,  that  is,  its  transition  back  to  zone  C  (arrow  6),  Energy  required 
for  this  transition  cun  be  obtained  in  ordinary  conditions  only  from  the 
lattice,  which  means  that  the  characteristic  time  of  tnio  process  depends 
heavily  on  temperature. 

Thermal  fluctuations  permit  the  gradual  liberation  of  electrons  local¬ 
ized  at  the  trapping  levels,  that  is,  their  transition  back  to  the  conduc¬ 
tivity  zone  (arrow  6),  from  whence  they  immediately  or  after  several  re- 
trappings  recombine  witr,  the  ionization  centers  of  luminescence  (curve  4). 
Emission  accompanying  the  recombination  of  these  electrons  temporarily 
held  at  the  trapping  levels  constitutes  the  afterglow  or  the  phosphores¬ 
cence  of  crystals. 

quenching  of  luminescence  is  associated  with  nonradiutive  transitions. 
In  current  literature  the  problem  of  nonradiutive  transitions  in  crystals 
is  ordinarily  associated  with  the  theory  of  Moglich  and  Kompe  [?0j.  Tne 
basis  of  this  theory  is  the  assumption  of  possible  "multiple  collisions," 
that  is,  the  interaction  of  an  electron  simultaneously  with  a  large  number 
of  elastic  vibrations  of  the  lattice.  According  to  Moglich  and  Kompe,  the 
simultaneous  production  of  a  large  number  of  phonons  takes  place.  By 
instantaneously  exchanging  its  energy  for  the  energy  of  the  tnermal  vibra¬ 
tions  of  the  lattice,  the  electron  passes  nonradiatively  from  the  conduc¬ 
tivity  zone  to  the  lower  zone  or  to  the  local  level.  A  reduction  in  the 
intensity  of  luminescence  (quenching)  ctn  result  from  an  overly  high  con¬ 
centration  of  luminescing  molecules  (concentration  quenching) ,  a  tempera¬ 
ture  rise  (temperature  quenching),  or  quenching  by  impurity  atoms  or 
molecules.  There  Is  no  general  theory  of  the  quenching  of  luminescence 
processes.  Work  in  this  area  applioB  mainly  to  solutions  [21-26]. 

Authors  of  the  pupers  [21-26]  have  noted  the  presence  of  an  abrupt 
concentration  quenching  threshold  for  a  large  number  of  molecules,  Con¬ 
s'  r,t ration  qvriching  begins  at  a  quite  specific  concentration,  that  in, 
at  a  certain  moan  distance  between  tnojcculos.  quenching  is  associated  with 
the  trnr.ofi-r  of  energy  from  excited  molecules  to  unexcited  molecules.  This 
one rj/y  transfer  can  in>  carried  out  by  different,  methouo,  depending  on  the 
mean  distance*  between  molecules,  nt  distances  much  greater  than  a  light 


wavelength,  the  transfer  of  energy  is  executed  with  photons:  excited  mole¬ 
cules  emit  photons;  unexcited  molecules  absorb  them  at  very  stall  distances, 
commensurable  with  the  electron  wavelength;  now  tne  energy  carriers  are  no 
longer  photons,  but  electrons,  tunneling  through  potential  barriers  from 
molecule  to  molecule. 

The  addition  of  3ome  impurities  to  a  solution  (for  example,  Kl)  lends 
to  an  abrupt  attenuation  of  luminescence,  a  smaller  quantum  yiola,  and  a 
shorter  lifetime  for  the  excited  3tate.  Similarly,  the  fluorescence  of 
vapor  is  weakened  or  quenched  c  mipletely  when  some  foreign  gases  are  added. 
Most  often  oxygen  is  a  good  quenching  agent. 

2.  Luminescence  of  quartz  Glass 

Quartz  is  a  classical  object  of  diverse  physicochemical  investigations, 
however, study  cf  electronic  processes  in  it  has  begun  only  in  recent  years 

[27-31]. 

Similar  studies  of  alkali-halide  crystals  hove  been  and  are  continuing 
to  be  conducted  lor  an  extended  period,  which  in  fact  has  led  to  appreciable 
advances  [32-33]* 

The  photoluminescencc  of  quartz  glass  is  caused  by  the  presence  of  an 
absorption  band  in  the  240  nm  region  (3*2  ev).  The  luminescence  apestrum 
cf  quartz  glasses  consists  of  two  bands:  or.c  is  a  onort-vave  band  with  its 
maximum  in  the  200  nm  region  (4,4  ev);  the  second  has  its  maximum  in  the 
296  nm  region  (3.1  cv)  [34-37]. 

In  the  view  of  several  workers  [38-41],  these  two  luminescence  bands, 
with  their  maxima  in  the  spectral  regions  2F.0  and  400  nm  (4,4  and  3*1  ev) 
are  caused  by  the  same  center.  However,  recently  careful  studies  have  been 
conducted  on  the  luminescence  of  quartz  glasses,  showing  that  these  ideas 
are  in  error  [42,  43]*  Investigations  have  also  revealed  some  other  correla¬ 
tions  of  the  luminescence  of  quartz  glasses.  Unactivatod  quartz  glasses  of 
the  following  grades  were  studied: 

KI  —  contains  random  impurities  of  Ca,  Al,  Ba,  Sb,  Fb,  Mn,  B,  Na,  and 
4n,  about  10“1  -  10-3  percent  by  weight; 

KV  —  contains  random  impurities  in  about  the  same  amount,  and  OH 
groups  (at  the  wavelength  %  -  2700  nm,  the  absorption  coefficient  d  is 
6,9  cm  ' ) ; 

KL  contains  random  impurities  at  one  order  of  magnitude  lower  than 
tee  above  values;  and 

KU  a  very  pure  material  prepared  by  special  procedures;  con¬ 
tains  large  numbers  of  OH  groups  («t)»  ?700  nm,  d  is  10. 9  cm"1). 
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Fit'.  26.  X-ray  luminescence  spectra 
(b^V~2W  tube,  yO  kv,  10  ma)  of  KG 
glass  at  the  following  temperatures i 

1  —  100°  K 

2  —  2ryO°  /. 

KrJY ;  A  Intensity  in  rclaiiv<-  units 
(curve  1) 

b  —  Intensity  in  relative  units 
( :urv~  2) 

C  —  Photon  or*'  r£ jy  in  ov 


quarts  glass  samples  underwent  e/w.-rr.M  /.-.ray  irradiation  (to  90  xv, 

20  ma),  light  irradiation  (990-210  nti  (2 .1-6  ev)),  and  temperature  exposure- 
(from  77  to  420°  K). 

Nonequilibriurr.  electrons  and  holes  produced  by  x-ray  irradiation  are 
annihilated,  by  recombining  with  each  other  nr  via  recombination  C'-ntern 
(luminescence  can  be  produced  in  this  instance),  or  else  arc-  captured  ut 
impurity  or  intrinsic  defects  of  the  glass  network  (color  centers  are  in¬ 
duced).  Obviously,  the  fewer  the  capture  centers  (the  purer  the  material/, 
the  higher  will  be  its  radiation-optical  stability,  but  also  the  larger 
will  be  the  proportion  of  nonequilibrium  charge  carriers  that  recombine 
with  each  other  or  via  recombination  centers.  If  this  recombination  is 
accompanied  by  emission,  which  is  more  probable  at  low  teoiperatures ,  then 
ao  the  purity  of  quartx  glasses  is  increased  for  optical  equipment  operating 
under  conditions  of  hard  radiation, the  probl  em  of  eliminating  intense  radio- 
luminescence  becomes  primary. 

'fhe  foregoing  was  experimentally  confirmed  on  tho  teat  samples.  In 
KO  material  the  intensity  of  x-ray  luminescence  at  100°  K  in  the  principal 
emission  Viand  of  940  nm  (2.5  cv)  it;  higher  than  in  Kb  or  XI  material)  the 
spectrum  has  ‘winds  at  940 -90O  run  (2. .5-2. 9  ev;  (Fig.  2b).  In  tin-  absorption 
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Fig.  29.  Spectra  of  K3  glass  at 
100°  X 

4  —  X-ray  luminescence  (t>0  kv, 

"0  ma) 

2  —  Photo-stimulated  luminescence 
on  exposure  to  light  at  wave¬ 
length  of  97 h^1  (2.19  ev) 

/.si j  A  —  Intensity  in  relative 
units  (curve  1) 

B  —  Intensity  in  relative 
units  (curve  2) 

C  —  Photon  energy  in  ev 


Jntptufi  *  g 

JO.  Bpectra  of  KB  glass  at 
■>oo°  X 

induced  absorption  of  samples 
subject  to  x-ray  Irradiation 
(1  hour,  '/0  kv,  20  ma) 
absorption  after  JO  minutes 
exposure  of  irradiated  speci¬ 
men  to  light  at  wavelength  of 
979  nm  (2.1b  ev) 

A  —  Change  ir  optical  uenoity 
in  cm-1 

B  —  Photon  energy  irt  ev 
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Pig.  31.  Spectra  of  K5  glass  at  290°  K 
1,  2,  3  — ’  photolumino9cence  when  excited 
with  light  at  wavelength  of 
240  nm  ev),  400  nm  (3.1 

ev),  and  280  nm  (4.4  ev),  re¬ 
aps  ctively 

4  —  absorption  of  ur.irradiated  sample 
KEY:  A  ~  Intensity  in  relative  units 
B  —  Phot  on  energy  ev 
C  —  Optical  density  in  cm"""1 
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Pig.  32.  Temperature 
dependence  of  t,he  in¬ 
tensity  of  photolumi- 
nesoence  of  quarts 
glasses 

1  —  luminescence  peak. 

at  280  nm  (4,4  ev), 
excitation  energy 
240  rim  (b*''  ev) 

2  —  480  and  210  nm  (2.6 

and  9 , 9  ev) 

3  —  2.00  and  290  ran  (3  * 1 

and  3.2  ev) 

Ki-.  $  A  **  “*  In  tenuity  in  rjlstivo  units 
b  —  Toinput^uire  in  0  K 


spectrum  of  an  unirradiated  K'J  .cample  (T  -  100°  K),  no  band  with  a  maximal 
at  ?/,0  nm  (r'.2  uv)  ia  observed,  but,  induced  absorption  consists  of  two 
weax  bands  with  maxima  at  about  220  ana  260  nm  (3.7  and  4.6  ev). 

In  quarts  glasses  of  grades  KI,  KV,  and  K0,  the  x-ray  luminescence 
spectrum  is  richer  —  one  can  note  bands  with  maxima  at  about  540,  500, 

440  ,  400,  and  2 75  na  (2.3,  2.5,  2.8,  3.1,  and  4.5  ev)  (Pig.  29).  Dt  to 
for  K3  glass  are  typical  also  for  KI  and  KV  glasses.  Giastus  of  these 
grades  are  more  strongly  colorea  at  100°  K  than  K0  glas3,  arc  bands  with 
maxima  at  about  540,  320,  240,  ana  220  nm  (2.3,  3.9,  5.2,  and  5.7  ev;  appear 
in  the  induced  aosorption  spectrum  (Pig.  30). 

At  room  temperatures  x-ray  luminescence  is  weakened  by  about  one  order. 
A  bana  with  maxima  at  440  tim  (2.6  ev)  becomes  stronger  in  the  spectrum  of 
K0  material  (cf.  Pig.  23).  In  the  x-ray  luminescence  spectrm  of  KI,  JO.', 
and  KS  materials,  only  one  band  with  &  maximum  at  400  n-  (3.1  ev)  remains. 
Special  verification  showed  that  the  excitation  spectrum  of  this  band  has 
a  maximum  at  about  240  nm  (5.2  ev).  Photoluminescence  _a  excitec  in  the 
region  of  200  nm  (4.4  ev),  with  a  maximum  at  about  243  T- ’  (3.05  ev)  i,Fig. 
31).  As  the  temperature  is  reduced,  the  intensify  of  the  pnotc, uminescence 
band  in  the  region  of  260  nm  (4.4  ev)  rises,  but  decreases  in  the  400  rm 
region  (3.1  ev)  (Pig.  32).  Von  percent  polarisation  of  photoluminescence 
and  the  absence  of  a  maximum  in  the  240  nm  region  (5.2  ev)  in  the  excita¬ 
tion  spectrum  of  photoconductivity  indicates  the  intracenter  nature  of 
this  luminescence.  The  difference  ir.  the  maxima  of  the  absorption  spectra., 
the  arbitrary  ratio  of  intensities  of  the  400  anc  26C  nm  (3.1  and  4.4  ev) 
photoluminescence  bands  for  different  samples  at  the  sure  temperature,  and 
the  change  in  the  position  of  the  absorption  band  at  about  2/]0  r.s  (5*2  ev) 
in  different  initial  samples  indicate  that  a  distinct  center  is  responsible 
for  each  of  the  photoluminescence  bauds  400  and  280  nm  (5,1  and  4,4  cv). 
Since  these  emission  bands  also  appear  in  the  x-ra,y  luminescence  spectrum, 
and  with  the  same  temperature  dependence,  we  can  conclude  that  the  centers 
participate  in  the  recombination  annihilation  of  nonequilibrium  came; 3, 

It  was  not  possible  to  obtain  photoluminescence  bands  340,  jCCi,  and 
440  nm  (2.3,  2.5,  and  2.C  ev)  for  excitation  from  410  to  210  na  (from  3  to 
6  ev).  , Vince  these  bands  are  present  in  the  x-ray  luminescence  spectra  of 
all  quart?,  glasses  and  have  the  same  temperature  pattern,  we  can  assume 
that  this  luminescence  arises  via  the  annihilation  of  elementary  electronic 
excitations  in  the  glass  network. 

When  quartz  glass  containing  an  impurity  c-r  lattice  imperfection/,  is 
irradiated,  some  of  the  nonequilibrium  carrier.,  are  captured  by  deep  traps 
(color  c»-r, tern  can  form),  and  some,  especially  at  low  temperatures,  by 
anallow  trap;,,  Shallow  traps  can,  with  a  reduction  in  the  irradiation 
tempera turo ,  cither  increase  or  reduce  the  effect; vonese  of  color  center 
formation.  If  the  traps  begin  to  capture  nonequiJ ibriun  carriers  of  the 
same  size  which  on  being  captured  by  deep  traps  form  color  centers,  the 
effective  none  of  th<-  formation  of  the  centers  ic  reduced,  and  ±1.  contrast, 
if  tiV-  traps  capture  curriern  of  tnc  opposite  Sign,  that  is,  those  that 
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Fig.  33*  Spectra  of  quartz  glasses 

a  —  KV 
b  —  KI 

1  —  x-ray  luminescence  (30  kv,  20 

ma),  T  **  120°  K 

2  —  heat-stimulated  luminescence, 

T  =  140°  K 

J  —  photolummesuence  (for  KV  glass, 

T  -  11 3°  K,  for  KI  glass  —  T  - 
163°  K) 

KEY:  A  —  Intensity  in  relative  units 
B  —  Photon  energy  in  ev 


Fig,  34.  Luminescence 
intensity  of  KV  quartz 
glass 

1  —  ae  a  function  of 

electron  energy 
for  a  current  of 
2  pa 

2  —  ae  a  function  of 

proton  energy  at 
a  current  of  0,4  ^,a 

KEY:  A  —  Intensity  in  relative  units 
B  —  Voltage  in  kv 
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Fig.  35*  Luminescence  intensity  cf  XV 
Class  at  a  function  of  beam  strength 
a  —  195  kev  electrons 
b  —  185  kev  protons 

KEY:  A  —  Intensity  in  relative  units 
B  —  Current  in  fxa 


break  botn  the  color  centers  formed,  the  effectiveness  of  tne  formation  of 
these  centers  rises.  In  either  case,  the  existence  of  shallow  traps  leads 
to  the  fact  that  at  the  appropriate  temperature  when  traps  begin  to  capture 
carriers  the  effectiveness  of  color  center  formation  and  breakdown  will 
vary. 


It  was  shown  that  thermal  luminescence  induced  when  charged  carriers 
are  free  from  shallow  traps  is  recombinational  in  nature  and  its  spectral 
composition  coincides  with  the  spectrum  of  x-ray  luminescence  at  the  corres¬ 
ponding  temperature  (Pig.  35 )«  It  is  natural  to  anticipate  a  similar  effect 
also  for  other  methods  of  liberating  carriers,  for  example,  in  the  optical 
decolorizing  of  color  centers. 

Exposure  of  quartz  glasses  colored  at  100°  K  to  light  at  a  wavelength 
of  575  nm  (2.15  ev)  causes  decolorizing  of  the  540  and  520  rim  absorption 
bands  (2.5  and  5.9  ev)  (cf.  Pig.  30)  and  the  luminescence  bands  in  the  300- 
250  nm  region  (2.5-5  ev)  (cf.  Pig.  29).  As  to  be  expected,  with  increasing 
breakdown  of  color  centers  the  intensity  of  recombination  luminescence  also 
falls  off. 

For  practical  purposes,  the  dependence  of  luminescence  intensity  on 
excitation  conditions  ia  of  high  interest.  We  studied  the  effect  of  energy 
an  well  an  intensity  of  the  exciting  beam  on  the  glow  intensity  of  quartz 
glass  (Pjgs.  34  and  35).  Luminescence  was  excited  by  a  beam  of  protons  or 
electrons  in  the  device  shown  in  the  study  [46 ] .  In  both  cases,  a  1 incur 
function  was  observed.  When  luminescence  was  excited  with  protons  or 
electrons,  the  difference  between  the  glow  intensity  of  different  types  of 
quartz  glasses  is  net  substantial. 


-  80  - 


t04im  t  mr  Q 


Fig.  J6.  Photoluninescence  spectra  of  glasses 
at  listed  temperatures 

a  —  9°°  K 
b  —  293°  X 
c  "  393°  X 

1  —  K-8 

2  —  K-208 

3  —  X-108 

KEY:  A  —  Intensity  in  relative  units 
B  ~  Wavelength  in  nm 


3.  Luminescence  of  Commercial-composition  Glasses 

Luminescence  of  commercial-composition  glasses  at  different  tempera¬ 
tures  and  therefore  different  kinds  of  excitation  is  of  practical  value, 
accounting  for  tho  possibility  of  using  a  given  glass  in  particular  optical 
systems . 


Photolumineacence 


Pig.  36  presents  photoluminescenoe  spectra  of  the  optical  glasses  K-8, 
K-108,  and  K-208  excited  by  ultraviolet  irradiation  at  96,  293 >  and  395°  K. 
As  we  can  see,  the  glow  intensity  of  the  glasses  K-100  and  K-208  at  all 
excitation  temperatures  is  much  higher  than  the  glow  intensity  of  K-8  glnss 
This  can  be  explained  by  the  fact  that  these  glasses  contain  cerium  ion 
v/hich  function  as  a  luminescence  activator.  7'he  glow  intensity  of  K-208 
glass  at  96°  K  (Pig.  36  a)  i.o  about  5  times  smaller  than  for  K-100  glass. 
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n  similar  r.»tio  of  luminescence  intensity  is  observed  also  at  295  K  (Pi,-. 

V  h)  ana  393°  K  (?i g.  36  c).  The  decrease  in  the-  glow  intC1.3j.ty  of  K-20o 
yiass  containing  Ce02  is  four  times  greater  than  for  X-108  glass, 

which  is  duo  to  the  concentration  quenching  of  luminescence  caused  by  the 
increased  cerium  ion  content  in  the  glass.  We  know  that  at  a  CeO^  concen- 

tration  of  about  1  percent  by  weight,  an  abrupt  decrease  in  the  luminescence 
yields  sets  in. 

The  luminescence  color  of  glasses  K-106  and  K-208  is  blue,  A  well- 
pronounced  luminescence  maximum  at  all  excitation  temperatures  ilea  an 
the  400  nm  region  (3,1  ev). 

The  luminescence  spectrum  of  X-8  glass  characterized  b.y  a  wide  band. 

The  luminescence  maximum  at  ‘>6°  K  is  skewed  somewhat  to  the  short-wave 
spectral  region.  The  low  luminescence  intensity  of  this  glass  when  excited 
with  light  at  wavelength  of  $10  nm  (4  ev)  is  evidently  accounted  for  the 
high  purity  of  the  materials  used  in  optical  glass-making,  ana  by  the 
presence-  of  a  large  amount  of  alkalis  ana  boron  trioxide,  which  lead  to 
an  appreciable  crop  it  the  luminescence  yield.  Also,  we  must  note  that 
some  of  the  long— wave  decrease  in  the  fundamental  band  of  K-6  glass  lies 
in  the  26 0  nm  region  (4.8  ev).  This  glass  transmits  up  to  50  percent  of 
light  at  the  310  nm  wavelength  (4  ev),  also  leading  to  a  reduced  luminescence 
yield. 

In  g.nsses  an  well  an  in  crystals,  photoluminescence  is  much  intensi¬ 
fied  ac  the  temper- -turo  is  levered  and  decreases  with  temperature  rise 
icf.  Fig.  3 u).  The  cause  of  this  weakening  of  luminescence  with  tempera¬ 
ture  rise  can  be  readily  understood,  since  the  stronger  the  thermal  motion 
of  surrounding  atoms,  the  higher  is  probability  of  second-order  collisions 
and  energy  dissipation. 


X-ray  luminescence 

X-ray  luminescence  spectra  of  the  glasses  X- 108  ar.u  K-208  (Fig.  57)  at 
90,  295,  and  $8$'  K  are  characterized  by  one  broad  band  with  a  well-defined 
maximum  in  the  408  me.  region  (3-1  ev).  Two  blurred  luminescence  maxima  are 
observed  for  X-Q  glass  in  the  regions  of  4 00  and  480nm  (5.1  and  2.1  ev) 
at  an  excitation  temperature  of  295(‘  X. 

The  intensity  of  x-ray  luminescence  of  glasses,  just  as  for  photo- 
luminoncen-'e,  increases  with  temperature  drop  and  decreases  with  tempera¬ 
ture  rise, 

A  comparison  of  the  spectra  of  photo-  end  x-ray  luminescence  at  the 
r.Hiiio  temperatures  is  of  unquestioned  interest,  Thun,  the  nature  of  the 
spectra  of  x-ray  and  photo! umineaeence  of  the  rad iat ion-res io taut  glasses 
Jf-lOU  and  K-208  is  practically  the  name,  since  it  is  ir*. inly  the  c-.ri.Um 
lone  that  are  the  source  of  luminescence  for  these  glasses.  The  appearance 


Fig.  3?  •  X~ray  luminescence  spectra  of  glasses 
at  listed  temperatures 

a  —  g6°  K 
b  —  29l>°  X 
c  —  363°  K 

1  —  K-8 

2  —  K-203 

3  —  x-ioa 

KEYj  A  —  Intensity  in  relative  units 
B  —  Wavelength  in  nm 


TABLE  16.  IOTKGRAL  GAMMA- LUMINESCENCE 


1 

AUpKB  CTCK/li 

MnTorp»/imia  riKM.v/icKHiiocurimim  s  &th.  cn.  npii  ^ 

T^MncpBType  b  *K 

1  n 

310 

K-8 

6 

3,5 

K  - 1 08 

7 

4 

K-208 

3 

3 

3  ^K-5 

3 

3 

4  UK- 105 

5 

0 

KEY t  1  Glass  grade 

2  —  Integral  gemma-luminescence  in  relative 

units  at  listed  temperature,  in  0  K 

3  —  LK-3 

4  —  LK-109 
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of  a  record  maximum  in  the  40vD  nm  region  in  the  x-ray  luminescence  spectrum 
oi  K-6  glass  can  be  attributes  to  centers  former,  in  the  glasses  wn«n  they 
are  irradiated  with  x-rays  during  luminescence  excitation.  Disappearance 
of  this  luminescence  maximum  at  p85°  K  can  be  explained  from  tne  fact  that 
vith  a  temperature  rise  these  centers  either  do  not  form  or  else  are  imme¬ 
diately  broken  down  nonradiatively  through  thermal  annealing. 

Gamma- luminescence 

The  luminescence  of  glasses  when  exposed  to  gamma-rays  i3  very  slight, 
therefore  no  spectral  distribution  of  gamma-luminescence  has  been  recorded, 
liable  16  gives  the  data  of  integral  gamma-luminescence  at  77  and  J10°  K. 

Inver tigation  of  the  effect  that  gamma-ray  irradiation  time  has  on 
the  luminescence  intensity  yielded  the  following  general  property  for  the 
glasses  studied.  The  build-up  of  radioluminescence  consists  of  two  compo¬ 
nents:  a  rapid  component  with  a  rice  time  of  les3  than  1  sec,  followed  by 
a  relatively  slowly  increasing  component. 

The  luminescence  intensity  of  glasses  as  functions  of  the  gamma-ray 
irradiation  time  is  given  in  Fig.  $Q.  As  we  see  from  Fig.  38  a-d,  for  the 
glasses  K-8,  K-108,  K-203,  and  LK-105  initially  a  rapid  rice  ir.  the  intensity 
of  gamma-luminescence  is  observed  in  the  initial  period  of  radiation,  and 
then  the  rate  of  intensity  increase  slows  down.  This  is  particularly  evident 
at  77°  K. 

Stabilization  of  tne  intensity  of  gamma-luminescence  for  glaseei,  of 
different  compositions  is  attained  after  different  time  periods,  a  climb 
in  temperature  to  310°  K  leads  to  lowered  intensity  of  luminescence  in  the 
glasses  K-8,  K-108,  and  K-208  (Figs.  58  a,  b,  and  c). 

In  glasses  of  grades  LK-105  and  LK-5,  a  variation  in  the  irradiation 
temperature  results  in  virtually  r.o  change  in  the  intensity  of  radiolumx- 
nescence  (Fig.  38  d  and  e). 


4.  affect  of  Heat  Treatment  on  the  Luminescence  of  Claeses 

Investigation  of  the  effect  of  the  thermal  prehistory  of  the  glass  on 
its  photolu mines ce nee  is  of  interest  in  studying  the  extent  of  its  defect 
status. 

Owing  to  the  limited  study  [47—493  of  the  heat-treatment  dependence 
of  the  luminescence  of  glasses,  investigations  of  the  effect  that  stabilizing 
the  structure  of  a  glass  during  extended  annealing  and  also  fixation  of 
high-temperature  structure  with  intensive  hardening  have  on  photolumines- 
cence  taken  on  a  certain  significance.  The  authors  of  [50]  K-8  commer¬ 
cial  boron ilicate  glass  (Fig.  39  «)  and  HP  commercial  silicate  glass 
obtained  by  continuous  rolling  (Fig.  39  b).  The  Dong-term  annealing  regime 
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>'ig.  56.  Luminescence  intensity  as  a  function 
of  irradiation  time  using  gamma-rays  of  the  fol¬ 
lowing  glasses 

a  —  K-8 
b  —  K-108 
c  —  K-208 
d  —  LK-105 
e  —  LX- 5 

1  —  77°  x 

2  —  510°  K 

KLYj  A  —  Intensity  in  relative  units 
B  —  Time  in  minutes 


is  determined  by  the  upper  and  lower  boundaries  of  the  annealing  zones  of 
the  test  glasses  and  is  830  and  660°  K.  The  thermos  tatting  time  was  25, 
50,  100,  and  200  hours.  The  extent  of  air  hardening  v/as  about  0.5  N/cm, 
and  2.2  N/cm  —  for  hardening  in  liquid.  Photoluminesoence  was  excited 
with  glass  at  wavelength  of  310  mm  (4  ev). 

Thus  v/e  can  see  from  Fig.  39  b,  the  luminescence  spectra  of  NP  glass 
samples  consist  of  two  bands  with  maxima  in  the  regions  of  410-420  and 
500  nrn  (3-2.95  and  2.5  ev).  Tno  positioacf  ttie  luminescence  bands  does  not 
depend  on  the  heat-treatment  conditions,  but  their  intensity  changes 
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4/iuna  So/mi  s  mm  B 


Fig.  59*  Photolurairiescence  spcctr;. 
a  —  or  K-6  glass 
b  —  of  NP  glass 

1  —  initial  sample 

2  ~  host  treatment  at  830°  K,  25  hours 

5  —  heat  treatment  at  660°  K,  100  hours 
4  —  hardened  sample  (2.2  N/c m) 

KFYi  A  —  Intensity  in  relative  unitE 
£  —  Wavelength  in  nm 


markedly.  Samples  subject  to  hardening  (Fig.  39»  curves  4)  have  the  lowest 
luminescence  intensity.  Samples  kept  at  660°  K  for  100  hours  (curveB  5) 
have  the  strongest  luminescence. 

In  comparing  these  data,  we  must  note  that  the  effect  of  increased 
luminescence  intensity  after  long-term  heat  treatment  is  much  less  pro¬ 
nounced  in  K-G  glass  than  in  K?  glass.  The  effect  of  reduced  luminescence 
_jvel  upon  hardening  is,  conversely,  expressed  much  more  strongly  in  K-0 
glass  than  in  NP  glass.  This  effect  evidently  can  be  accounted  for  by  the 
effect  that  K-8  optical  glass  during  production  underwent  mild  annealing 
and  its  structure  in  the  initial  specimen  was  stabilized  already  to  a 
lurge  extent. 
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These  class  thermal  p robin  *,ory  fu  no t.ior.r.  of  the  intensity  of  photo- 
luminescence  can  be  interpreted  from  the  standpoint  of  ordering  of  the 
glass  structure  when  it  undergoes  extended  annealing  [hi],  which  leads  to 
a  rise  in  the  intensity  of  luminescence  in  accordance  with  known  data  [4?] 
on  the  strong  luminescence  of  crystalline  materials  compared  with  glasses 
of  the  same  composition.  In  hardened  glasses  with  fixed  high-temperature 
structure,  the  near-range  or ier  and  tne  first  coordination  sphere  in  much 
more  strongly  violated  than  in  annealed  glasses,  which  evidently  provides 
the  major  prerequisites  for  converting  excitation  energy  into  the  energy 
of  thermal  oscillations,  bringing  about  a  strong  drop  in  the  luminescence 
level. 


5.  Luminescing  Glasses 

Luminescing  glasses  have  found  wide  use  as  luminescent  screens,  in 
laser  equipment,  and  so  on. 

Luminescing  glasses  containing  uranium  an  an  activator  have  been 
closely  studied  [52-55].  Prom  a  comparison  of  the  emission  spectra  of 
uranium  solutions  and  uranium  glasses,  it  follows  that  glass  spectra  have 
a  finer  structure  and  greater  intensity.  Thin  is  due  to  the  smaller  pola¬ 
rizing  influence  of  ions  surrounding  the  luminescence  centers  in  glas3. 

In  mo3t  investigations  of  the  luminescence  of  uranium-containing 
glasses,  reference  is  made  to  the  high  intensity  of  their  emission.  How¬ 
ever,  a  study  [54]  showed  that  in  far  from  all  compositions  is  uranium 
generally  capable  of  luminescing,  without  even  citing  the  fact  that  the 
luminescence  brightness  and  yield  fluctuate  within  very  wide  limits,  de¬ 
pending  on  composition. 

The  main  reason  for  this  is  that  uranium  is  an  element  with  variable 
valency.  Of  uranium  compounds,  only  the  hoxavalent  uranium  ion,  mors 
exactly  the  uranyl  group  UQ2+,  io  capable  of  luminescing.  Study  of  the 
luminescence  of  uranyl  glasses  made  it  possible  to  obtain  under  production 
conditions  glasses  with  a  luminescence  yield  of  50-60  percent. 

A  very  interesting  object  of  study  has  been  rrur-gancoo-containing 
glasses  [56]*  Manganese  is  one  of  tne  very  widespread  activators  of  crystal 
phosphors.  On  feeing  added  to  a  material  with  a  different  crystal  structure, 
the  manganese  ion,  depending  on  the  position  it  occupies  in  the  crystal 
lattice,  is  capable  of  producing  luminescence  in  two  colors,  namely  green 
and  orange-red  [57].  Thus,  the  luminescence  of  silicate  glasses  io  green, 
while  that  of  borate  and  phosphate  glasses  is  red.  Initially  several 
investigators  [58]  wore  of  the  opinion  that  thp  different  luminescence 
color  was  duo  to  the  different  valency  of  the  manganese  ions.  However, 
at  present  it  can  bo  regarded  as  established  that  either  type  of  lumines¬ 
cence  is  accounted  for  only  by  ions  of  divalent  manganese  [59] . 
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Conner  if;  a  1  u o  a  common  luminescence  activator  in  inorganic  crystal 
phosphors  [59"62j.  Evidently,  in  glass  copper  can  exist  in  three  valency 
states:  Cvh'*',  Cu'+,  Cu  .  Grasses  are  known  in  whicn  copper  is  present  as 
the  metal,  for  example,  copper  ruby.  The  luminescence  of  glasses  and 
crystals  activated  with  copper  can  vary  from  blue  to  orange  [60-65]*  In 
several  cases  glasses  or  crystals  activated  with  copper  have  brief  lumi¬ 
nescence;  sometimes,  in  contrast,  the  luminescence  time  is  measured  in 
hours  [61 ,  6?,  66].  ?c  obtain  glasses  with  bright  luminescence  upon 
exposure  to  x-ray  and  gamma-radiation,  silicate  glusse3  activated  with 
copper  are  used,  for  example,  B3-1J  glass. 

Luminescing  glasses  activated  with  trivaleni  chromium  have  not  found 
practical  use  owing  to  the  strong  temperature  dependence  of  luminescence. 
Only  glasses  containing  trivalent  chromium  luminesce. 

Among  luminescing  glasses,  special  prominence  is  shown  by  glasses 
activated  by  rare-earth  elements  [57]*  The  widest  practical  use  has  been 
found  for  glasses  activated  with  neodymium,  as  being  the  most,  promising 
for  laser  construction.  Their  spectral,  luminescent,  and  generating 
characteristics  have  been  studied  in  several  Soviet  [5a»  67*74]  and  foreign 
[75-96]  works.  At  the  present  industry  uses  only  neodymium  as  an  activator 
in  making  glasses  for  lasers.  The  compositions  of  glasses  and  their  cha¬ 
racteristics  are  given  in  the  work  [57]* 

Glasses  activated  with  neodymium  are  colored  the  c’  a:*r  juristic  lilac. 
The  most  intense  bands  are  in  the  regions  of  560,  ■  .0,  dOu,  and  900  mm 
[57,  91 1  97,  9fl].  Upon  excitation,  infrared  luminescence  is  observed  in 
any  of  these  bands.  Characteristic  of  these  glasses  is  a  luminescence 
quantum  yield  of  about  40  percent. 

Glasses  activated  with  praseodymium  [57 j  are  colored  green.  The  most 
intense  luminescence  i3  shown  by  silicate  glasses.  The  luminescence  inten¬ 
sity  drops  off  in  the  transition  to  phosphate  and  borate  glasses.  Varia¬ 
tion  in  the  redox  conditions  of  digestion  has  no  appreciable  effect  on 
the  luminescence  of  praseodymium-containing  glasses.  An  increase  in  the 
praseodymium  concentration  in  a  glass  leads  to  a  higher  intensity  of  lumi¬ 
nescent  bands. 

Glasses  activated  with  samarium  [57,  69,  99,  100]  are  weakly  yellow. 
Upon  excitation  with  ultraviolet  rays,  orange  luminescence  is  induced. 
Increasing  the  samarium  concentration  up  to  10  percent  leads  to  an  increase 
in  luminescence  intensity  without  quenching. 

The  luminescence  of  glasses  activated  with  cerium  depends  on  the 
valency  state  of  cerium  [57,  97,  101,  102].  Only  glasses  containing  ions 
of  trivalent  cerium  luminesce.  The  absorption  bands  of  trivalent  cerium 
are  in  the  region  510-J20  nm  (5.9-4  cv)  [ 1 01 ,  105].  Upon  excitation, 
blue  luminescence  in  the  form  of  a  broad  band  is  induces,  in  these  bands. 
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■uronium  cun  V,<  pm-se in  glasses  in  two  Klatet;  of  ox j nation:  in  t.ne 
di-  and  trivalent  states.  Glasses  activated  with  tri valent  europium  are 
colorless.  Ultraviolet  irradiation  causes  red  luminescence.  Glasses 
activates  with  divalent  europium  exhibit  blue  luminescence  in  the  region 
4^0-440  nm  (2.8-3.05  ev)  [57,  69,  IO4-IG0]. 

Glasses  containing  gadolinium  are  colorless.  Borate,  phosphate,  and 
silicate  glasses  containing  10  percent  gadolinium,  when  excited  with  light 
at  a  wavelength  of  303  nm  (4.1  ev),  have  a  luminescence  maximum  in  the 
region  p11  nm  (4  ev)  [57]. 

Glasses  activated  with  terbium  and  erbium,  when  excited  with  ultra- 
violet  rays,  produce  green  luminescence.  V/her.  special  pumpi.g  methods  are 
used,  these  glasses  generate  at  room  temperature  [57] • 

Classes  containing  dysprosium  are  colored  weakly  yellow.  Ultraviolet 
radiation  causes  yellow  luminescence.  With  increase  in  the  dysprosium 
concentration  from  0.1  to  10  percent  by  weight,  the  luminescence  spectrum 
remains  practically  unchanged  [5?]. 

Glasses  containing  gaJLLium  and  ytterbium  exhibit  luminescence  in  the 
infrared  spectral  region  /5 Jj . 
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CHAPTER  SEVEN 

RESONANCE  ABSORPTION  OP  GLASSES  /CO)  PYHOCSRAKICS 


In  most  glasses  the  electron  paramagnetic  resonance  (HPii)  signal  is 
absent  ii'  the  glasses  have  not  been  exposed  to  ionizing  radiation.  An 
exception  is  found  in  certain  glasses  containing  paramagnetic  ions. 

The  EPR  signal  i3  detected  virtually  in  all  glasses  after  they  have 
been  irradiated,  which  is  due  to  the  appearance  of  unpaired  electrons. 

1,  Problems  in  the  Tneory  of  Electron  Paramagnetic  Resonance 

Owing  to  the  exceptionally  high  sensitivity,  well  developed  theory, 
and  relative  simplicity  of  interpreting  results,  the  electron  paramagnetic 
resonance  method  has  found  wide  application  in  investigating  material  in 
the  free-radical  state  or  in  detecting  free  radicals  forming  due  to  differ¬ 
ent  exposure  of  a  material.  Most  often  the  EPR  method  is  employed  to 
detect  the  free  radical  state  in  an  irradiated  substance.  The  irradiation 
of  a  material  is  accompanied  by  the  manifestation  of  unpaired  electrons. 

A  system  —  a  molecule  or  part  of  a  molecule  with  an  unpaired  electron  in 
molecular  orbit  or  in  the  outermost  atomic  orbit  —  is  called  a  free 
radical.  It  is  precisely  the  presence  of  an  unpaired  electron  that  is 
responsible  for  the  use  of  EPR  method. 

Underlying  the  EPR  method  is  the  Zeeman  effect:  this  effect  amounts  to 
the  following  —  when  an  external  constant  magnetic  field  is  applied  on 
a  paramagnetic  particle  with  quantum  number  S,  its  ground  level  is  split 
into  2E  +  1  sublevels.  The  energy  difference  between  these  sublevels  is 

AB  ~ 

whore  H  io  the  intensity  of  the  external  field;  ft  is  Bohr's  magneton; 
and  c  is  the  spectroscopic  splitting  factor  [g-factor]. 

Since  in  the  simplest  case  a  free  radical  is  characterized  by  a  total 
3pin  «  -£,  iviu  Zeeman  levels  are  induced  in  the  magnetic  field  (Fig.  40). 
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Lbvif'iioiy ,  ir.  the  oase  of  a  free  electron  the  g-factor  in  roughly  more 
precisely,  g  =  2.0023. 

If  we  assume  that  H  =  3000  oersted,  then  h  =  0.3  cm  '.  The  level 
populations  differ  and.  are  governed  by  the  Boltzmann  distribution.  At 
ordinary  temperatures  for  our  case,  level  populations  differ  only  slightly 
(0.2  percent)  and  are  in  equilibrium.  Therefore,  there  is  a  constant  ex¬ 
change  of  spins  between  levels,  and  the  population  of  the  lower  level  will 
be  0.2  percent  larger. 


-’/zMK.h'-Zz 

Pig.  40.  Arrangement  of  energy  levels 
of  ono  unpaired  electron 


If  a  sample  is  placed  in  an  alternating  ma(pietic  field  with  frequency 
V,  then  given  the  condition  h  v  »=  g|3H,  some  of  the  electrons  from  the 
lower  level  pas3  into  the  upper.  This  transition  is  associated  with  the 
expenditure  of  energy.  From  the  upper  level  some  of  the  electrons  move 
to  the  lower  level,  which  is  accompanied  by  the  release  of  energy.  How¬ 
ever,  owing  to  the  Boltzmann  distribution,  the  transition  of  electrons  by 
energy  levels  from  upper  to  lower  is  less  probable  than  from  lower  to 
upper.  The  probability  of  this  transition  rises  with  decrease  in  tempera¬ 
ture. 

If  a  high-frequency  jlectrical  field  with  the  orientation  of  the 
magnetic  vector  perpencu-ular  to  the  constant  field  and  with  frequency 
V  -  g^H/h  is  applied  to  the  paramagnetic  specimen  placed  in  a  constant 
magnetic  field,  che  level  populations  tend  to  become  equalized.  However, 
complete  equalizing  cl  populations  does  not  take  place,  since  an  electron 
can  give  off  energy  and  pass  from  the  upper  level  to  the  lower. 

The  EPR  spectrum  iB  characterized  by  the  following  main  parameters: 
the  g-factor,  the  splitting  of  electronic  levels,  ultrafine  splitting,  and 
resonance  line  width,  Ultrafine  splitting  of  the  lines  of  electron  spin 
resonance  is  due  to  the  interaction  of  the  magnetic  moment  of  the  unpaired 
electron  and  the  magnetic  moment  of  the  nucleus.  The  width  of  the  iine 
ir;  due  to  different  interactions:  dipole,  spin-dipole,  spin-lattice,  and 
exchange . 

The  EPR  method  has  proven  highly  effective  in  studying  irradiated 
glasses,  though  as  will  be  shown  below,  special  conditions  can  arise  in 
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which  thin  method  proves  unsuitable.  We  must  note  that  glass  by  virtue  of 
its  characteristics  (high  viscosity,  isotropicity,  and  so  on)  is  an  excep¬ 
tional  object  for  3tudy  of  paramagnetic  resonance. 

As  we  know,  during  irradiation  paramagnetic  centers  of  two  types  are 
induced:  F-centers,  that  is,  electrons  localized  at  negative  ion  vacancies, 
and  V-centers  —  holes  localized  at  atoms  with  smallest  affinity  for  the 
electron. 

Experiment  and  theory  show  that  even  though  the  g-factor  of  irradiated 
material  is  determined  by  the  free  radical  state,  that  i3,  it  is  close  to 
2,  still  for  P-centers  the  g-factor  is  somewhat  lower,  and  for  V-centers 
—  somewhat  higher  than  2. 

A  great  deal  of  information  on  the  nature  of  centers  —  defects  arising 
upon  irradiation  —  can  be  obtained  by  comparing  the  results  of  raddospectro- 
scopic  and  spectroscopic  studies  of  glasses,  though  a  unique  solution  rela¬ 
tive  to  identifying  color  centers  and  paramagnetic  centers  usually  encoun¬ 
ters  a  number  of  difficulties . 

Numerous  oxides  usually  included  in  glass  compositions,  and  also  cer¬ 
tain  systems  of  glosses  and  individual  glasses  and  sometimes  even  unknown 
composition  have  been  investigated  by  the  EPR  method. 


2.  Spectra  of  Electron  Paramagnetic  Resonance  of  Crystalline  and  Fused 
Quartz 

The  irradiation  of  quartz  with  gamma-rays  leads  to  the  initiation  of 
EPR  signals  [l ,  2],  which  correlate  with  the  optical  absorption  bands. 

Thus,  a  signal  with  g  =  2.0006  correlates  with  the  band  whose  maximum  lies 
in  the  210  nm  region  (5*9  ev),  and  signals  with  g  »  2.0007  and  2.0009 
correlate  with  the  230  nm  band  (5.4  ev).  The  presence  of  a  isotope 

leads  to  splitting  of  the  signal  with  g  =  2.00.  A  triplet  is  observed  in¬ 
stead  of  a  singlet.  This  indicates  that  the  signal  was  produced  by  an  elec¬ 
tron  localized  at  silicon  [3].  Griffiths  and  O’Brien  [4,  5],  studying  mono¬ 
crystalline  quartz  irradiated  with  x-rays,  detected  two  lines  with  g  ■ 

2.06  and  g  =  2.00.  The  ultrafine  structure  is  due  to  the  presence  of  an 
aluminum  impurity.  The  intensity  of  the  EPR  signal  causing  splitting  into 
six  components  is  proportional  to  the  amount  of  aluminum  [4,  5].  The 
six-component  structure  of  this  signal  disappears  when  the  amount  of  sodium 
in  the  glass  is  increased. 

Investigation  of  resonance  absorption  in  grade  KI  and  KV  quartz  glasses 
irradiated  with  electrons  at  a  doBe  of  10”  r  showed  that  in  addition  to  the 
common  resonance  line  with  g  -  2.00,  the  EPR  spectra  also  show  an  appre¬ 
ciable  difference. 

In  a  report  by  Sidorov  and  Tyul'kin  [6],  EPR  spectra  of  fused  quartz 
irradiated  with  gamma-rays  at  a  dose  of  107  r  were  studied.  The  fused 
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Pig.  41 •  EPR  spectra  of  glasses  irradiated  with 
10  Mev  electrons  at  do3e  of  10b  r 
a  —  KV  glass: 

1  —  g  -  2.00 

2  —  g  «  1.98 

l>  —  KI  glass: 

1  —  g  -  2.00 

2  —  &  *  2.01 

KEY:  A  —  32  oersteds 


Pig.  42.  EPh  spectrum  of  KT 
glass  irradiated  with  10  Mev 
electrons  at  a  dose  of  106  r 
at  the  temperature  of  liquid 
nitrogen 

KEY:  A  —■  32  oersteds 


quart.  -  spectrum  at  a  relative  nerrow  asymme :.ric  line,  typical  of  tnc 
el.actic -lly  oriented  renters  wit';  axial  symmetry.  Trie  woii-resolved 
structure  of  tr.is  line  enabled  tire  authors  to  determine  anu  £_£  of 

this  center,  which  were  found  to  be  gT^  »  2.002,  ana  gj.  «  2.000,  which 

agrees  with  -  2.002?  +  0.C001  and  gj_  ■  2,0006  £  0.0001  obtained  for 

crystalline  quartz  [7J.  This  shows  that  centers  initiated  in  fu9ed 
and  crystalline  quartz  after  irradiation  are  of  the  same  kind. 

A  previously  unknown  doublet  with  g  »  1.98  and  a  splitting  constant 
of  190  oersteds  (Pig.  41  a)  was  detected  in  KV  glass  produced  in  hydrogen 
flame.  KI  glass  which  has  coloring  in  the  visible  spectral  region  after 
irradiation  has  a  broad  signal  with  g  »  2.01  (Pig.  41  b),  which  at  liquid 
nitrogen  temperature  splits  into  six  components  (Pig.  42).  This  shows  the 
interaction  of  the  unpaired  electron  with  the  nucleus  whose  spin  is  5/2 
(properly,  with  the  nucleus  of  aluminum). 

The  doublet  found  (cf.  Fig.  .,1  a)  can  be  caused  by  the-  paramagnetic 
center  associated  with  hydroxyl,  though  the  splitting  constant  differs 
from  the  value  given  ir.  the  work  [8].  This  difference  can  be  explained 
by  the  effect  of  the  matrix,  just  as  we  know  ir,  the  case  of  the  ilPH  spec¬ 
tra  of  nitrogen  radicals  [9].  Possibly,  the  signal  is  caused  not  by  an 
Oii  group,  hut  by  a  Si -OH  grojp.  In  this  case  the  reduction  in  splitting 
compared  with  atomic  hydrogen  (5 05  oersteds)  can  be  counted  for  by  the 
effect  of  OH  bonding. 


5.  bpectra  of  Electron  Paramagnetic  Resonance  of  Silicate  Glasses 

Van  Wieringen  and  Kats  [sic]  [lO]  detected  two  absorption  lines  in 
a  simple  glass  with  the  composition  Nao0  •  2Si02»  One  line  with  g^l.96- 

-1.97  is  ascribed  to  the  electron  captured  at  the  alkali  metal  ion,  and 
the  other  line  with  g  i=sr  2.01  —  to  the  presence  in  the  system  of  a  whole 
at  the  terminal,  nonbridging,  oxygen  atom.  This  structure  was  obtained 
in  sodium  silicate  glasses  [ll],  and  also  in  the  work  [12]  when  a  study 
was  made  of  a  glass  with  composition  SiO^  '  enriched  with  Si.  9 

isotope,  but  was  nut  detected  in  lithium  silicate  glasses  [6], 

The  work  [ll]  showed  that  if  quartz  glass  after  irradiation  produces 
a  very  narrow  12PR  band  with  g  «  2,  then  upon  the  transition  to  sodium 
silicate  glasses  one  more  band  is  produced  with  g  j>  2,  and  on  attainment 
of  composition  corresponding  to  sodium  disilicate,  the  band  typical  of 
quartz  glass  disappears  totally  and  only  the  band  with  g  •  2.01  typical 
of  sodium  silicate  glass  remains.  By  the  authors’  assertion,  localization 
of  an  unpaired  electron  occurs  at  silicon.  When  the  concentration  of  the 
alkali  oxide  is  increased  in  the  glass,  the  relative  proportion  of  capture 
centers  typical  of  quartz  becomes  less  and  disappears  entirely  at  the 
composition  Na^O  •  PGiG^,  while  the  proportion  of  paramagnetic  centers 

typical  of  the  disilicate  at  tains  a  large  value  in  this  case. 
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Glasses  of  the  system  Na20-B20^-i3i02  have  a  very  complicated  spectrum, 

therefore  adding  silicon  oxide  appreciably  complicates  the  pictures  para¬ 
magnetic  centers  typical  of  appear.  By  comparing  data  from  optical 

spectra  and  EPR  spectra,  the  authors  concluded  that  not  all  factors  respon¬ 
sible  for  supplementary  absorption  bands  can  be  detected  by  the  EPR  method. 

Adding  aluminum  oxide  to  a  glass  leads  to  a  very  interesting  pattern 
[12].  The  authors  studied  sodium  aluminum  silicate  glasses  irradiated 
with  x-rays  and  with  neutrons  and  detected  spectra  of  two  types*  the  first 
type  consists  of  six  equidistant,  partially  resolved  lines  with  spacings 
of  3.  !  oersteds;  the  second  type  is  an  asymmetric  line  with  /iH  -  18  oers¬ 
teds,  The  last  spectrum  appears  after  the  specimen  has  been  heated  to 
350c  C;  here  the  resonance  line  of  the  first  type  disappears.  It  is 
assumed  that  the  first  type  of  resonance  curve  is  caused  by  a  hole  captured 
by  a  bridging  oxygen  which  is  bonded  to  an  impurity  aluminum  ion.  The 
second  type  is  associated  with  a  hole  at  a  nonbridging  oxygen.  Measurement 
of  the  dependence  of  the  EPR  line  intensity  on  the  A120^  content  in  glass 

3'iows  that  impurity  aluminum  ions,  forming  the  groups  [aIO^]  can  cause 

nonbridging  oxygen  ions  to  appear.  Only  a  broad  line  is  observed  in 
3odium  aluminum  silicate  glasses.  Nonbridging  oxygen  ions  with  holes 
localized  at  these  ions  are  caused  by  the  presence  of  Na20.  Irradiating 

glasses  with  neutrons  causes  the  additional  narrow  intense  line  produced 
by  electrons  captured  by  the  silica  framework  to  appear. 

Investigations  of  litnium  aluminum  silicate  glasses  1.13]  showed  the 
presence  of  two  types  of  hole  centers;  the  first  type  amounts  to  a  hole 
localized  at  the  terminal,  nonbridging,  oxygen  atom  bound  to  a  silica 
atom,  and  the  second  consists  of  a  hole  localized  at  an  oxygen  atom  bound 
to  an  aluminum  atom.  In  glasses  with  Li20:Al2Qj  -  1,  only  centers  of 

the  second  type  are  present. 

Glasses  with  composition  43i0o  •  Na20  •  0.5Mex0y  or  O.25Mex0^  have 

primarily  an  i£PR  spectrum  of  two  types  [14].  Glasses  containing  Li^O  and 

oxides  of  rare  earth  have  spectra  consisting  of  two  components;  narrow 
(.AH  ■  10  oersteds)  with  g  2.0087  £  0.0005  &nd  wide  (AH  *  56  oersteds 
with  g  •  1.9567).  Very  similar  xo  the  spectra  is  the  spectrum  of 
glass  containing  Glasses  with  composition  4Si02  *  Na20  •  0.25B,,0j 

and  48i02  .  Na2Q  •  0.25Al20^  have  similar  spectra,  but  with  a  narrower 

component  at  g  2.0023  (AH  -  26  oersteds).  Even  less  absorption  at 
g  2,0027  shown  by  glasses  containing  SnO,  Er02,  and  CdO  (Table  17). 

We  can  classify  in  the  second  group  glasses  containing  PbO,  Ge02, 

0n02,  ar  .  Ino0^,  and  which  have,  for  g  -<J2.0023,  very  limited  absorption 

or  none  at  all. 
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VAHLr;  17.  i-.P:;  :;p.-:gT;.a  op  g;,/j:;we  with  Tin-.  ;;ok- 

Pw^ilTluN  /tbiG,,  •  Na,.C  •  n.-.i ■  0 

x  y 


4S!Oj  ■  ’ 
4MOj-l 
4SiOj  ! 

-isio,.; 

4SIO.-: 
4Si(>..-! 
4  S  iOj  •  i 
•ISiOj.I 
4MO,  • : 
4Si()j  ■ 
•IS.Oj- 

4 !-,i (  ) ,  • 

4SiO.,  • 
4S'0;  ■ 
4Si(>j  • 
4SiOv-i 


(hcrtn  ctckoji 


■  0.5MrO 

■  O.fiCaO 

•  0,5SrO 

•  0,5BaO 

•  0.2515,0 

■  O.JsUnOj 

•  0,251$ -0, 

■  0.25AI,Oi 

•  0,5  / 1  Oi 

■  0, a 

•  0.5.  :<!0 

•  o,r»(  1  i*f  ^2 

•  O.SSnOa 

■  (t,5|>l>0 

•  0.25!n,Oj 

■  0,2jNb,Oj 


/I  -tlllffl  flOrfloiiiCnilf  2 
yjK»d  3  I  HWOK.IX 


A/6 

«■ 

AH,  | 

e% 

12,0 

2,0110 

61,5 

1,9000 

0.95 

2,0082 

58,2 

1,3589 

0,95 

2,0082 

53,5 

i ,9590 

9,90 

2,0002 

50,5 

1.6586 

10,75 

2,0082 

58,1 

1 .9572 

15,30 

2,0082 

61,2 

1,9610 

13,00 

2.0073 

26,0 

1 .0646 

10,70 

2,0082 

26,0 

1 ,9684 

13,8 

2,0078 

23,0 

1.9720 

13,0 

2,0082 

22,9 

1 ,0850 

13,0 

2,0073 

12,25 

1 ,9897 

9,95 

2,0082 

7,05 

1 ,9989 

19,9 

2,0140 

10,70 

1 ,9980 

39,8 

2,0120 

— 

— 

1 3,8 

2,0073 

— 

10,3 

2,0082 

~ 

*■** 

KS'/s  1  —  Glass  composition 
2  —  Absorption  line 
5  —  narrow 
4  —  wide- 


A  apt.  cial  place  is  occupied  by  glasses  containing  arsenic  and  antimony, 
Characteristic  of  the  first  is  a  highly  complex  EPH  spectrum  consisting  of 
five  absorption  bands,  with  An  »  1 8. 5S>  oersteds  at  g  *  2.01&G,  A  Hg  •  6,12 

oeistedo  at  g  =■  2.00^4,  AH,  =  6,cj  oersteds  at  g  *=  1.9BB0,  A  H.  *»  10.7 

j  4 

oorotods  at  g  *  1.9651,  and  A  •»  7*69  oersteds  at  g  »  1,9600,  A  glass 
with  a  composition  4HiO£  •  IfeujO  •  0, shows  practically  no  resonance 
absorption  in  the  g-factor  region  studied. 


4.  Jpectra  of  Electron  Paramagnetic  .to fa chance  of  Borate  and  Phosphate 
Glasses 


The  spectrum  of  be  a  to  glass  irra.i  in  led  with  gamma-ruys  has  sharp 
resonance  absorption  lie's  at  g  -  2,  calculating  four  componen tu  of  ultra* 
fine  structure  AH  *•  '  '  1"  I'h*  author  attributes  this  ul  trafirie 

tructur"  Lo  the  initial  notion  of  tu--  eject  run  removed  from  an  oxygen 
atom  with  the  nucleus  of  ^ ,  which  has  a  nuclear  spin  I  ■  jj'S  [lb]. 

The  work  [ll]  studied  two  types  of  gl  esse:;  prepared  from  boric  anny- 
dride.  One  was  obtained  from  natural  boron  oxide;  enriched  with 
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"  i *.c-po  w; i :>  for  l.v  r  :,hor.  slot  .  g!...  :;r;:  ..a,  1  «•>• ,  but 

■  niiti.-t.  sper.U’i.  <u’»  in  t,i,-  work  [l^]*  the-  lju.  wan  ascribes  it.  an 

electron  localized  at  boron  arm,  therefor*- ,  the  complexity  ol'  tm-  spectrum 
is  due  to  the  fully  resolved  uitrafine  structure. 


Alkali-borate  glasses  irradiated  with  gamma-rays  at  a  ciose  of 
5  *  10^  r  [l rj~\  yield  a  signal  somewhat  distinct  from  the  signal  of  pure 
fusee  boric  anhydride  and  its  occurrence  is  ascribed  to  the  unpaired  elec¬ 
tron  of  the  alkali  metal.  The  difference  is  that  the  extx-emo  maximum 
disappears,  with  simultaneous  deterioration  of  the  resolution  of  all  tne 
remaining  components  [ll].  It,  is  assumed  that  the  electron  in  the  glasses 
is  localized  at  boron  and  that  the  spectrum  is  caused  by  the  incompletely 
resolved  uitrafine  structure  that  results  from  the  free  electron  inter¬ 
acting  with  the  boron  atom.  Introducing  an  alkali  oxide  modifies  the 
coordination  of  boron  from  ternary  to  quaternary  or  at  least  increases 
the  proportion  of  30^.  groups.  Owing  to  the  different  spin-orbital  inter¬ 
action  of  electron  with  the  nucleus  of  three—  and  four-coordinated  boron, 
the  KPH  lines  are  somewhat  displaced  relative  to  g  «  2. 


Karapetyan  and  Yudin  [l6]  investigated  the  system  Me  0 

x  y 


? 2 Oy  where 


‘^x^y  “  ^a2^’  urit:i  '^‘e  spectrum  of  tnese  glasses 

consists  of  two  lines  with  ur.  uitrafine  structure  resulting  from  the  inter¬ 
action  of  an  unpaired  electron  with  the  P 31  nucleus,  which  has  a  nuclear 


spin  of  Tne  intensity  of  the  EPa.  spectrum  dependb  on  the  phosphate 

content  and  the  gamma-irradiation  dose.  The  g-factor  iB  2.01  ±  0.004,  and 
the  uitrafine  splitting  constant  is  41  oersteds. 


Based  on  a  detailed  examination  of  the  models  of  phosphate  glasses, 
the  authors  concluded  that  the  electron  capture  centers  in  these  glasses 
are  [PO^]  groups,  and  not  oxygen  vacancies  near  alkali  iono,  as  was  earlier 

assumed. 


5.  Kinetics  of  the  Breakdown  of  Paramagnetic  Centers 

Ubersfeld  [17],  invef tilting  a  good  many  glasses  (Pyrcx,  boros ili cate 
crown,  light  flint,  and  so  on)  irradiated  with  neutrons  and  gamma-rays, 
detected  an  isolated  resonance  aborption  line  with  g  «  2,002  ±0.005  and 
AH  -  45  ±  7  oersteds,  One  year  after  irradiation  he  did  not  find  any 
charge  in  the  number  of  paramagnetic  centers  (PMC),  Disappearance  of  PMC 
occurs  only  with  heating  to  200°  C’. 


Tne  PMC  breakdown  kinetics  of  glasses  with  the  composition  4310,,  • 

x. 

klia^O  •  0.5MoyU,  (0.2 irradiated  with  gumma -rays  was  mudied  more 

closely.  Bused  on  Apr.  spectra  recorded  1,  7,  50,  and  110  days  after  irra¬ 
diation,  the  puramagno tic  center  concentration  was  calculated  (PKC/g), 
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£  SptMft  t  ct/wnan 


Fig.  Breakdown  of  paramagnetic  centers 

with  time  for  glasses  with  the  following  com- 


positions 

1  —  4iiiC>2  * 

>a20  •  0,‘jCaO 

2  —  4SiU2  ♦ 

O.^SrG 

3  —  4«iC2  • 

l*a2C  *  0  • 

4  —  43i02  • 

Na20  •  0.5%0 

—  4-i02  • 

Na20  .  O.^BaO 

6  —  43i02  - 

Na20  .  0.5iln02 

7  —  4‘iiOp  * 

Ka20  »  O.^CdO 

8  —  4SiOn  * 

L. 

IfagU  •  0 .  ^PoG 

0  —  48i02  • 

M&20  .  0.23As20 

**  •»  Z  *  f 

KKYs  A  —  Concentration  of  PMC  ,'n  cm  •*  •  1 0 1 
B  — -  Time  in  days 


The  annealing  curves  (Fig.  43)  show  that  as  a  rule  the  rate  of  anneal¬ 
ing  of  paramagnetic,  centers  during  the  firct  7-10  days  is  much  higher  than 
m  the  subsequent  annealing  period.  Naturally,  for  glasses  containing 
maximum  number  of  PMC  the  annealing  rate  during  the  first  days  is  very  high 
(glasses  containing  0e02,  hrO,  and  Li^O).  However,  the  correlation 


is  not  observed  for  glasses  containing  CaO  and  BaO  in  which  the  PMC!  concen¬ 
tration  lulls  off  quite  monotone? ly.  In  glasses  containing  arsenic,  anti¬ 
mony  ,  niobium,  germanium,  ana  zirconium,  annealing  of  PMC  also  proceed:.; 
in  two  stages.  The  PMC  annealing  curves  for  g’ usees  containing"  calcium, 
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XL Yj  A  —  Class  composition 

B  —  PMC  constants  when  glaoc  annealing  is 
conducted  ar,  1  i  a  tori 
—  fact  (less  than  10  days) 

0  —  clow  (more  than  10  days) 

aluminum,  cadmium,  and  zinc,  and  to  loss  extent  for  glasses  containing 
boron  have  no  well-defined  inflection. 

The  annealin';  constants  of  PMC  calculated  from  experimental  data  are 
:  r.o  r.  in  Tail*.-  16.  From  this  table  it  is  clear  tnat  the  rate  constants 
for  so-called  "rapii"  annealing  of  PMC  (less  than  10  days)  as  a  rule  is 
6-20  times  greater  than  for  "slow"  annealing  (more  than  10  days).  Tec 
constants  of  slow  annealing  of  paramagnetic  centers  are  approximately  the 
sa’-'C  for  glasses  containing  oxides  of  aluminum,  lithium,  can  mi  urn,  tin, 
and  c front rum. 


(i ,  ml  no  iron  Paramagnetic  Resonance  Lpcoira  of  pyrooeramioo 

I’yror'T ami  nr,  <yp ouch  f,e  i'ini/.in;;  radiation  produce  LPr.  spectra  usually 
cons  in  tin/'  of  never;*  1  signals.  Tim-  most  typical  spectral  lines  are  the 
liner,  with  /;  -  2.001  ^  0.002  and  Ah'  ..  2  _i_  0.  9  oersteds,  caused  by  an 
electron  a::«so  dated  wit*.  thn  nil  icon  a  to..  ,  am  a  line  wi  th  g  =  2,009  i 
0.009  and  A  if  =  16. 9  i.  2  oorstedn  cans,  u  by  a  hole  localize;*  at  a  non- 
bridging  oxygen  atom.  In  addition,  rh-p eruing  on  the  chemical  composition 
of  the  pyrncr ramie ,  a  fcrcaa  M.*yun.i'.  ,*  o'  * ii;'.'  iu  ouuervcu  ,  whicn  ir  tno 
presence  of  titanium  bar.  g  *-■  1.94  i.  0.01  ana  Ad  =  79  i.  9  oersteds, 
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Fig.  44.  EPf<  spectra  recorded  after  irradiation 
with  a  dose  of  lO1^  neutrons/cm2 
a  —  glass  1V-23 

b  —  pyrocerarr.ic  IV-2J 

1  —  g  -  2.00) 

2  —  g  »  2.009 

KEY:  A  —  25  oersteds 


Pig.  4  > .  EJPn  r-poctra  of  glass  (a)  and  pyi oceraird 

(b)  with  coapouition  Li„G  •  A1„0,  •  4SiQ„  *  213-U* 

4  4  j  2  25 

irradiated  with  a  dose  of  neutrons/cs 

KEY:  A  --  JO  oersteds 


by  compar ing  the  3fct  sp.-.'tri  of  glicses  ana  pyruoeramior  wita  idonti- 
v.:  chemical  compositions  irradiated  with  toe  same  doer;,  wo  must  above  all 
to  the  intensified  frit  signals  for  pyroceramioa  [is].  Crystallization 
of  glass  intensifies  the  components  of  tnc  ui  irafir.e  spectral  structure, 
sc  revealing  the  ..pectral  structure  of  pyroceramios  requires  a  lower 
radiation  dose  than  for  glasses  (Fig.  44). 

reside  this  effect,  certain  changes  in  the  spectral  structure  arc 
observed  in  the  transition  fro.",  glasses  to  p^rooeramics.  For  example, 
the  signal  produced  by  an  electron  center  (g  *  2.001  +.0.0002  arc  7£  ^ 

2  +0.5  oersteds),  well-defined  in  the  spectra  of  pyroceraadcs  of  lithium- 
and  ma gne s ium-a luminu':.  silicate  systems  after  reactor  or  gamma-ray  irradia* 
tion,  are  absent  in  the  initial  uncryn calli.x  a  glasses.  At  the  came  time 
croad  signal  cause  I  by  the  electron  captured  by  the  Ti/,>+  ion  (g  «■  1.94 
t  0.01  and  H  *7 9  £  9  oersteds),  observed  in  all  titanium-containing 
glasses,  is  weakened  in  pyroce ramies  irradiated  under  the  same  conditions 
(Fig.  49). 


Depending  on  the  conditions  and  kind  of  irradiation,  spectra  are  modi- 
fieo  as  fpllows:  in  the  transition  from  reactor  irradiation  to  irradiation 
with  a  CoJ'  source,  splitting  of  the  ri'pinl  associated  with  the  hole  center 
i3  observed  now  at  a  radiation  dose  of  10&  r,  while  neutron  irradiation 
produces  the  same  effect  only  at  integral  beams  of  the  order  of  1 01  >J 
neutrone/cra2  (which  corresponds  to  a  dose  of  10^  r). 


The  intensifying  FPh  signal  of  pyroeerumics ,  as  well  as  the  increase 
in  the  increment  of  the  optical  density  of  transparent  pyroceramics  com¬ 
pared  with  the  initial  glasses  after  equal  radiation  doses,  indicates 
diminished  radiation  resistance  after  pyroceramizatio.n. 
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CHAPTER  EIGHT 

EFFECT  OF  TEMPERATURE  ON  COLOR  CENTER  FORMATION  AND  BREAKDOWN 

Investigating  the  kinetics  of  the  accumulation  of  color  centers  at 
different  temperatures,  th-  ir  thermal  annealing  (thcrmcdccolorizing)  and 
accompanying  processes  (thermal  do-excitation,  change  ir  electroconducti¬ 
vity,  and  so  on)  is  necesQ&ry  for  a  proper  understanding  of  the  structure 
and  mechanism  of  the  formation  of  centers,  to  determine  their  energy  para¬ 
meters,  and  to  establish  the  possible  uses  of  glasses  in  different  static 
and  dynamic  temperature  conditions  of  service.  Selecting  test  compositions 
must  be  determined  above  all  by  the  task  assigned. 

Commercial  multicomponent  glasses  can  be  investigated  only  to  discover 
the  possibilities  of  their  service  under  specific  conditions,  since  a 
complex  chemical  composition  affords  virtually  no  possibilities  of  reaching 
any  conclusions  on  the  mechanism  of  processes  occurring  in  glasses  at  dif¬ 
ferent  temperatures.  This  purpose  requires  that  we  investigate  glasses 
with  simple  chemical  compositions  in  which  the  components  are  varied.  We 
must  particularly  single  out  quartz  glasses,  whose  study  is  of  interest 
both  from  the  standpoint  of  practical  service  as  well  as  from  the  stand¬ 
point  of  understanding  the  mechanism  of  radiation  processes. 


1 .  Induced  Optical  Absorption  at  Different  Irradiation  Temperatures 

In  spite  of  the  considerable  interest  posed  by  measuring  induced 
optical  absorption  at  different  irradiation  temperatures,  the  number  of 
studies  in  this  field  is  small,  which  is  evidently  accounted  for  by  com¬ 
plexities  of  technique.  The  latter  are  particularly  large  when  we  are 
concerned  with  acquiring  data  at  arbitrarily  selected  temperatures  that 
are  not  reference  boiling  or  melting  points  of  any  substance  (nitrogen, 
carbon  dioxide,  and  so  on).  Of  the  works  dealing  with  a  comparison  of 
induced  optica)  absorption  of  glasses  irradiated  at  room  temperatures  and 
at  temperatures  close  to  the  liquid  nitrogen  temperature ,  we  must  take 
note  of  studies  [ 1 —4 ] «  They  described  several  investigations  of  quartz 
glasses  [l],  boric  anhydride  glasses,  and  alkali-silicate  and  alkali- 
borosilicate  glasses  [3,  4].  When  the  studies  are  conducted,  of  interest 
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Fi.;.  /r6.  Spectra  of  induced  optical  absorption 
ol'  quartz  glass  at  different  irradiation  temper¬ 
atures 

a  —  KV  glass 
b  —  KI  glass 

1  —  1 20°  K 

2  —  180°  4 

3  —  240°  K 
A  —  500°  K 

KSYs  A  —  Change  in  optical  density  in  cm 
B  —  Photon  energy  in  ev 


is  the  effect  of  temperature  an  the  position  of  the  spectral  absorption 
bands  as  well  ae  on  their  intensities. 


(quartz  glass 

In  quartz  glass  irradiation  produces  ba.-  »du  ol'  supplementary  optical 
absorption  in  the  regions  220,  240,  500,  ana  540  nm  (5.7,  5.P,  4.1,  and 
2.J  ev)  (corresponding  to  the  O,  B^-,  E.-,  and  A-bands).  At  room  irradia¬ 
tion  temperatures,  the  2,5  ev  band  in  glasses  melted  in  the  flame  of  an 
oxygen-hydrogen  torch  in  either  observed  at  very  large  radiation  doses 
or  is  rot  observed  at  all. 

Changing  the  irradiation  temperature  fundamentally  alters  the  pattern 
observed.  KV  and  KI  quartz  glasses  underwent  x-ray  irradiation  on 
n  Uj <0-60  unit  (tube'  containing  constant  anticathode  =  50  I  =  10  ma) 

for  1  hour  at  an  irradiation  temperat. .re  of  ICO-JOO0  X.  Curves  she  n  in 
Pi g.  40  reveal  several  interesting  c<t relations.  In  KI  glass  a  reduction 
in  tne  irradiation  terr.p'-rn to; •  causes  reduced  intensity  of  nil  absorption 
bands.  The  maximum  of  the  if, -band  here  is  shifted  toward  tin;  long— wave 
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Jemrtpamypa  I  V 

Fig.  47.  Thermal  de¬ 
excitation  in  the  region 
of  the  following  maxima 

1  and  3  —  2.3  ev 

2  and  4  —  4.1  ev 

XV  glass 

_  KI  glass 

sample  thickness  1  mm 
KEY;  A  —  Optical  density 
B  —  Temperature  in 
°  K 

portion  of  the  spectrum  from  300  nm  (4.1  ev)  at  300°  K  to  330  nm  (3*73  ev) 
at  120°  X,  The  minimum  intensities  of  the  B, -  and  A-bands  are  observed 
at  an  irradiation  temperature  of  160°  K.  A  further  drop  in  the  temperature 
down  to  129°  K  somewhat  boosts  the  intensities  of  these  bands. 

A  sharp  intensifying  of  the  induced  optical  absorption  is  observed 
for  KV  glass  when  tne  irradiation  temperature  is  lowered.  Even  at  240°  K 
the  A-band  absent  in  the  case  when  iri’adiation  is  conducted  at  300°  K 
is  observed.  A  further  drop  in  the  irradiation  temperature  intensifies 
this  band,  which  becomes  much  more  intense  at  IbO  and  120°  X  than  in 
KI  glass  at  the  same  temperatures.  The  B^-banri  behaves  similarly;  it3 
intensity  also  is  strongly  increased  with  a  reduction  in  the  irradiation 
temperature.  The  maximum  of  this  band  is  less  distinctly  displaced  for 
the  long-wave  portion  of  the  spectrum  from  300  nm  (4.1  ev)  at  300°  K  to 
313  nm  (3.93  ev)  at  120°  K  than  in  KI  glass.  The  dependence  of  the  in¬ 
tensities  of  the  A-  and  3-bands  in  the  KI  and  KV  glasses  on  irradiation 
temperature  is  shown  in  Fig.  47. 
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of  supplementary  absorption  on  the  tcnipi-rature  of  the  A~  and  b^~banos. 

This  analog  is  quite  readily  observaoL*  in  KI  glass  owing  to  the  presence 
of  extrema  (minimum  in  the  area  100°  K  ar.d  maximum  in  the  area  $00°  K). 
Of  note  is  the  fact  that  the  radiation-optical  stability  of  glass  de¬ 
pends  heavily  on  the  irradiation  temperature  and  that  this  function  can 
be  quite  diverse. 

interestingly ,  the  maximum  of  the  -absorption  band  is  observed  to 

be  displaced  net  only  with  variation  in  temperature ^  but  also  with  change 
in  the  impurity  present  in  the  quartz  glass.  Lell  [6]  showed  that  in 
quartz  glass  containing  0.2  percent  aluminum  the  -absorption  band  has 

the  maxima  273,  300,  303,  and  310  nm  (4*3*  4.1,  4*03,  ana  4  ev),  depending 
on  whether  tne  presence  of  aluminum  is  combined  with  that  of  hydrogen, 
lithium,  sodium,  and  potassium,  respectively.  This  factor  lends  addea 
interest  to  studying  indued  optical  absorption  in  simple-composition 
glasses  where  both  the  irradiation  temperature  and  glass  composition  are 
changed. 


Simple-composition  Glasses 

The  most  detailed  investigations  of  oligocomponent  glasses  at  liquid 
nitrogen  temperatures  were  conducted  in  19^4  by  Orlov  and  Leko  [4]  (Table 

19). 


The  studies  reveal  several  correlations  relating  the  irradiation 
temperature,  ionic  radius  of  alkali  ion,  glass  matrix,  and  the  intensity 
of  induced  optical  absorption.  In  alkali-silicate  glasses  reducing  the 
irradiation  temperature  leads  to  stronger  supplementary  optical  absorption 
mainly  in  the  visible  region  of  this  spectrum. 

The  rise  in  optical  density  with  tne radiation  temperature  reduced 
(compared  with  glasses  irradiated  at  room  temperature)  is  roughly  propor¬ 
tional  to  the  alkali  ion  concentration.  For  the  identical  alkali  ion 
concentrations,  for  example  K+  and  Na+,  the  intensity  of  induced  optical 
absorption  increases  to  a  greater  extent  with  a  reduction  in  irradiation 
temperature  than  with  a  reduced  cation  radius.  In  a! Kali-borate  glasses 
ana  in  so-called  leached  alkali-corosilicate  glasses,  the  change  in 
optical  density  with  decrease  in  irradiation  temperature  (compared  with 
the  radiation  at  room  temperature)  occurs  mainly  in  the  ultraviolet  spec¬ 
tral  region  in  the  vicinity  of  246  na  (3.2  ev). 

The  fact  that  a  decrease  in  the  ionic  radius  of  an  impurity  ion 
leads  to  a  much  sharper  rise  in  optical  density  with  reduction  in  irradia¬ 
tion  temperature  afford,  some  analogy  between  KI  quartz  glass  and  the 
simple-composition  glasses  we  have  been  discussing.  A  steep  rise  in  the 
intensity  of  supplementary  optical  absorption  in  KV  quartz  glasses  evidently 
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TABLE  1?.  WOSITIOJiS  OF  GLAEEEE  JTiJDIED  [4] 


CuCI3D  CTCKJ1.1  D  MOJI.  %  3 


..  n 

HoMCp  CTCKJtt 

sio,  | 

B.O,  j 

N*.0  | 

K.o 

1 

1 

80 

'  •  1 

—  ! 

20 

— 

2 

fO 

—  ! 

40 

— 

3 

CO 

— 

20 

4 

— 

80  ! 

20 

- - 

5 

60 

32 

i, 

6 

57,1 

14,3 

28,6 

KEY:  A  —  Glass  number 

B  —  Glass  composition  in  mole  percent 


TABLE  20.  EFFECT  OF  IRRADIATION  TEMPERATURE  ON 
INDUCED  OPTICAL  ABSORPTION  OF  CERTAIN  THREE-COM¬ 
PONENT  GLASSES 


1 

£ 

COCTIO  CTCK/K 

onrii'ictKoc  nouio-  Q 
incline  npn  TCMiicniiType  »  "K 

! 

310  \ 

4LiOj  •  Na30  ■  0,5SuOa 
4SiO2-NaaO-0,5GeOj 

4SiOi  •  NaaO  ■  0,5ZnO 

4SiOa  -  N.ijO  ■  0,25LijO 

! 

|  0,03 

i  0,24 

1  0,32 

!  0,75 

0,02  | 

C,  1G 
0,23 
0,41 

0,00 

0,07 

0,20 

0.31 

KEYs  A  —  Glass  composition 

B  —  Induced  absorption  at  listed  temperature 
in  0  K 


caused  by  the  fact  that  the  formation  of  color  centers  is  associated  with 
the  hydrogen  ion,  not  with  the  metal  ion  as  in  KI  glass. 

Several  three-component  glasses  in  which  the  third  component  was  varied 
underwent  irradiation  with  gamma-rays  from  a  Co^O  source  at  290,  340,  and 
390°  K  with  a  dose  of  10'  r.  The  glass  composition  and  the  variation  in 
glass  optical  density  after  irradiation  are  listed  in  Table  20. 

From  Table  20  we  cun  see  that  the  higher  irradiation  temperature 
reduced  the  coloring  of  the  glass,  probably  caused  by  thermal  annealing. 

As  for  alkali-halide  crystals,  we  kno..'  that  there  is  an  optimal  irradia¬ 
tion  temperature  at  which  th.-  formation  of  F-centers  takes  place  most  effec¬ 
tively,  which  indicates  the  participation  of  ionic  processes  in  the  forma¬ 
tion  of  F-centers  at  a  high  enough  temperature.  The  processes  can  include 
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In  riMeato  glasses  wo  observed  a  decrease  nr.  cn] ng  with  increase 
in  irradiation  temperature.  However,  thin  fact  does  not  yet  mean  that 
ionic  processes  do  not  play  some  rcle  in  the  formation  of  color  centers 
in  glasses.  Reducing  the  radiation  temperature  can  lead  to  lower  thermal 
annealing  of  centers  during  irradiation  and  have  a  more  significant  effect 
on  the  concentration  than  ionic  processes.  When  tuornal  annealing  is 
slight  at  roors  temperature  (XI  quarts  glass),  a  reduction  in  the  radiation 
temperature  leads  to  less  coloring. 


]onme  r c in  1  -c  omj 


.ion  glasses 


The  radiation  in  the  commercial-composition  glasses  K-8,  K-108,  1C— 20 G, 
IX-S,  ai.d  LK-105  loads  to  a  change  in  optica]  density,  hut  individual 
.-.hc'-rpticri  bands  cannot  he  differentiated.  In  all  cases  irradiation  wita 
guvra-rays  at  77,  >00,  and  400°  K  shows  that  optical  density  attained  at 
low  temperature  is  high,  riven  in  K-203  glass  which  is  resistant  to  radia¬ 
tion  doses  up  to  'O1'  r,  irradiation  at  77°  K  at  a  dose  of  3  •  10^  r  enables 
coloring  to  he  dotectri.  however,  centers  formed  at  the  low  temperature 
can  he  unstable  ax  room  temperature,  and  heating  glasses  irradiated  at 
77°  K  up  to  330°  K  leads  to  a  significant  decolorsing.  In  this  case,  the 
higher  the  irradiation  temperature,  the  more  3table  are  the  centers  formed 
(Fig.  45). 


nffeotiveness  of  accumulation  of  color  centers  at  different  temperatures 

The  effectiveness  of  color  center  formation  at  different  temperatures 
is  of  high  interest  for  the  researchers  on  two  counts.  First  of  all,  the 
same  sample  is  investigated  at  different  temperatures,  which  does  away 
with  the  scatter  of  results  from  sample  to  sample.  Secondly,  investiga¬ 
tions  are  conducted  at  low  radiation  temperatures,  which  permits  to  a 
large  extent  neglecting  the  radiation  breakdown  of  color  centers. 


The  effectiveness  of  color  center  formation  is  determined  from  the 
expression  ^(An/A^)  (where  An  is  the  rise  in  the  color  center  concen¬ 
tration  upon  irradiation  with  a  dose  of  A  £4)*  The  quantity  (A  D/At)  = 

(A  n/Avt)  -  was  found  experimentally.  These  investigations  were 
conducted  on  KI  and  KV  quart’/  glasses.  After  irradiation  with  a  dose  of 
Aci  and  measurement  f  the  spectra  of  optical  absorption,  the  sample  is 
annealed  at  I7O0  K  in  air  for  20  minutes  for  the  total  breakdown  of  radia¬ 
tion  crlor  centers.  The  annealing  conditions  were  selected  in  accordance 
with  the  work  [if)],  and  the  effectiveness  was  verified  by  the  extent  of 
recovery  of  optical  absorption.  After  annealing,  the  specimen  was  irra¬ 
diated  at  the  same  dose,  but  now  at  different  tempera rure  in  the  range 

i  onr,  v  {  p.*  —  /  O  \ 

i  C.SJ  A.t;* 
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Fig.  48.  Absorption  spectra  of  irradiated  glasses 
recorded  at  different  temperatures  with  3  mm  thick 

samples 

a  —  K-108  glass,  room  temperature 
b  --  LK-105  glass,  room  temperature 
c  --  K-208  glass,  77°  K 

1  —  gamma-irradiation  temperature  77°  K 

2  —  500°  K 

3  —  400°  K 

KEY:  A  —  Optical  density 
3  —  Wavelength  in  nm 

It  must  be  remembered  that  heating  a  sample  in  air  at  170°  K  does 
not  restore  optical  density  to  its  initial  level.  Still,  the  curves 
presented  can  be  regarded  as  reliable,  since  the  increment  in  optical  den¬ 
sity  enters  into  the  expression  for  J.  The  fact  that  the  change  A D  at 
different  temperatures  for  a  selected  small  dose  A^.  is  linear  is  confirmed 
by  the  fact  that  after  multiple  irradiation  and  armsaling,  the  value  of 
J  for  all  bands  except  for  the  340  nm  band  (2.3  e\ )  is  easily  reproduced. 
The  effectiveness  of  formation  of  the  color  centers  responsible  for  absorp¬ 
tion  in  the  region  540  nm  (2.5  ev)  falls  off  considerably,  and  evidently 
the  corresponding  curves  are  in  need  of  correction. 


2.  Thermal  De-excitation  of  Glauses 

When  glasses  are  irradiated,  some  of  the  absorbed  energy  can  be  re¬ 
leased  as  light  upon  heating.  The  temperature  dependence  of  the  intensity 
of  thermal  de-excitation  characterizes  the  level  of  traps  at  which  electrons 
or  holes  are  localized  during  irradiation.  The  spectral  composition  of 
the  luminescence  stimulated  by  heating  affords  conclusions  on  the  nature 
of  centers  whose  breakdown  is  responsible  for  thermal  de-excitation. 
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i’ig.  49*  Effectiveness  of  color  formation  in 
quartz  glasses  for  the  fundamental  absorption 
bands  (numbers  next  to  curves)  as  a  function  of 
irradiation  temperature 

a  --  KV  glass 
b  —  KI  glass 

KEY:  A  —  Change  in  concentration  of  color  centers 
produced  per  unit  radiation  dose,  in 
relative  units 
B  —  Temperature  in  °  K 
C  —  ev 


Thermal  de-excitation  of  glasses  at  low  temperatures 

7no  phenomenon  of  thermal  de-excitation  at  low  temperatures  was 
observed  by  Kikuchi  [ll],  He  detected  spikes  of  thermal  ue-excitation  of 
sodium  silicate  and  quartz  glasses  irradiated  with  x-rays,  Spikes  were 
observed  at  IJO0  K,  and  in  quart/,  glass  the  spike  is  much  broader  and  has 


I’i £!•  50.  Spectral  composition  of  thermal  de-excita¬ 
tion  of  quartz  ^lass  irradiation  with  x-raye  at  120°  K 
for  1  hour 

a  —  KV  glass 
b  •—  KI  glass 

KEY:  A  --  Intensity  in  relative  units 
B  —  Photon  energy  in  ev 


a  second  maximum  in  the  temperature  range  180-190°  K.  The  low-temperature 
thermal  de-excitation  spike  was  not  detected  after  an  investigation  of 
crystal  quartz,  therefore  Yokota  [l2]  maintained  that  the  broad  low-temper¬ 
ature  band  of  thermal  de-exoitation  i?  a  specific  feature  of  the  glassy- 
state.  In  the  npcotrum  of  nodium  silicate  glas 3  Kikuohi  [13]  observed  two 
broad  npiJceo,  one  of  which  also  corresponds  to  increased  temperature. 

These  bands  indicate  the  presence  of  two  capture  levels  of  electrons 
differing  in  depth,  which  agrees  with  concepts  of  the  electronic  structure 
of  amorphous  substances  proposed  by  Froehlioh  [14], 
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Low- temperature  thermal  tic— excitation  war,  observed  by  Dtarodubtsev 
et  al.  in  crystalline  quartz  [15].  Irradiation  of  quartz  at  96°  K  with 
100  kev  protons  at  a  dose  of  6.2  .  10*  protore;/ cm?  produces 

four  thermal  de-excitation  spikes  at  temperatures  of  120,  200,  257 »  anc 
2 96°  K,  which  contradicts  the  viewpoint  of  Yokota  [12].  Evidently,  the 
problem  is  that  upon  irradiation  with  low-energy  protons  color  centc>rn 
are  formed,  but  the  localization  of  electrons  lil>erated  upon  irradiation 
takes  place  at  levels  responsible  for  the  thermal  de-excitation  effect. 
Vhon  irradiation  is  performed  with  x-rays,  primarily  centers  responsible 
for  optical  absorption  are  formed.  In  this  case  thermal  de-excitation 
in  crystalline  quartz  is  observed  only  at  temperatures  somewhat  above 
room  temperature  [ill.  The  thermal  de-excitation  spike  is  also  observed 
in  quartz  glass  at  a  temperature  of  00°  X  [in]. 

Studies  of  spectral  composition  and  thermal  de-excitation  spikes  at 
low  temperatures  were  conducted  by  the  authors  on  domestic  KI  and  KV 
quartz  glasses.  Samples  were  irradiated  with  x-rays  at  120  X.  The 
heating  rate  was  about  0.5  deg/sec.  The  spectral  characteristics  of 
thermal  de-excitation  are  shown  in  Fig.  50.  During  the  spectral  recording 
period,  the  sample  temperature  was  varied,  therefore  Fig.  50  b  shows  not 
only  the  temperatures  at  which  the  maximum  in  the  spectral  curve  was 
recorded,  but  also  the  temperatures  for  certain  other  3peot,ral  points. 

The  luminescence  spectrum  is  characterized  by  maxima  in  the  regions  440 
and  590  nm  (2.0  and  $.2  ev). 

The  temperature  dependence  of  the  luminescence  intensity  is  shown 
irt  Fig.  51  for  quanta  of  these  energies.  KV  glacG  has  two  thermal  de¬ 
excitation  spikes  in  the  regions  1/,0  and  100°  X.  A  maximum  ir,  the  region 
150o  X  is  observed  for  XI  glass.  In  addition,  luminescence  with  its 
maximum  in  the  region  280  nm  (4.4  ev)  in  observed  in  the  temperature 
region  below  140°  The  thermal  de-excitation  spectra  of  these  glasses 
agrees  mainly  with  the  spectra  of  x-ray  luminescence,  indicating  th r 
possible  identity  of  the  luminescent  centers  in  these  two  cases.  Howe "sr , 
there  are  several  differences.  Tims,  the  x-ray  luminescence  spectrum  of 
KI  glass  is  marked  by  a  maximum  in  the  region  480  nm  (2.6  ev),  while 
the  spectrum  of  thermal  de-excitation  has  its  maximum  in  the  region 
440  nm  (2.8  ev). 

Comparing  the  spikes  of  thermal  de-exoitation  of  quart/,  glassed  with 
the  spikes  of  heat-otimulated  electroconductivity  (cf.  Chapter  Nine)  shows 
the  spatial  differentiation  during  irradiation  of  charge  carriers  and 
de-excitation  centers. 


Thermal  de-excitation  of  glasses  at  elevated  temperatures 

Much  more  work  has  involved  thermal  do -excitation  of  glasses  irradiated 
at  room  temperature  than  'low-tempera  tur':  thermal  de-excitation.  Both 
simple-composition  glasses  as  well  as  'ommercial-coaiposition  glasses  were 
investigated. 
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crystalline  quart/:,  anu  tnvir  intone i ty  depends  also  on  tne  location  of 
’.it'.-  qi-urt/,  indicating  a  relationship  k-tvccn  therma  1  de-oxcita  tion  a  no 
imncritiec  [l?J*  Thermal  rie-exoitaiion  o:'  fused  quart-/-  has  a  maximum 
in  the  region  600°  K,  however  often  a  second  spike  as  observes  near 
;.'G0C  Y.  [is].  The  spectral  band  is  very  wide  and  has  a  maximum  in  too 
region  436  nm  (2,G{j  ev)  [l9]«  Investigation  of  the  thermal  de-excitation 
of  simple-composition  classes  was  made  by  Stepanov  [20],  who  found  two 
or  three  thermal  de-excitation  .spikes,  whose  positions  are  shown  in  Table 


21. 


Virtually  the  game  thermo luminescence  spikes  arc  observed  in  the 
spectra  of  silicate  classes  as  in  crystalline  quart/..  The  difference 
lies  in  the  greater  blurring  of  the  spectra  of  thermal  de-excitation  of 
Class  or;  compared  with  the  quartz  spectrum. 

Va.rgin  8nd  Stepanov  maintained  that  the  nature  of  the*  thermolumines¬ 
cence  spikes  is  determined  only  by  the  state  of  the  GiG^  tutraheara  (the 

presence  of  bridging  and  nonnridging  oxygen  ions).  Hence  it  follows  that 
the  luminescent  centers  are  near  silicon  atoms.  The  effect  of  different 
cations  reduces  to  the  appearance  ar.d  disappearance,  when  they  are  intro¬ 
duced,  of  nonbridging  oxygon  ions  in  the  class  structure.  A  presence  of 
u  large  number  of  absorption  bands  and  a  relatively  small  number  of  thermal 
de-excitation  spikes  shows,  in  their  view,  that  there  is  no  direct  rela¬ 
tionship  between  individual  absorption  bands  and  individual  thermal  de- 
excitation  spikes, 

Gmail  additions  of  a  third  component  (kl^Oy  GnO,  CuO,  and  K^o) 

(approximately  to  2 .5  percent)  has  a  very  strong  effect  on  absorption  and 
thermal  de-excitation  spectra  of  irradiated  glasses. 


'The  change  in  the  absorption  and  thermal  de-excito tion  spectra  when 
GiO^  is  replaced  with  KpO  and  CuO  in  sodium  silicate  glasses  is  accounted 

for  by  tno  assumption  that  different  uitod  polar  groups  form  in  the  glass. 
This  is  confirmed  by  a  rise  in  the  intensity  of  the  /,00  and  46O0  K  spikes 
when  K.,Q  and  CuO  are  udaed  to  the  extent  of  10-12. 5  mole  percent,  while 
their  intensity  drops  off  when  Na^O  is  added. 

For  an  overall  Nu^O  and  CaO  content  corresponding  to  the  disilicate 

composition,  there  is  a  qualitative  mange  in  the  absorption  and  thermo- 
luminescence  spectra.  Qualitative  changes  are  also  observed  in  the  thermal 
de-<  xci  t.ition  spectrum  —  the  460°  K  spike  an  appears  and  a  spike  appears 
near  4 ;*0f'  K. 


Invcstigu tj on  of  the 
thermal  rie— excitation  wan 
composition  was  oxp-retiueu 


effect  the  conpoBi tion  of  gla.ioea  has  on  their 
conducted  by  the  authors  on  the-  glasses  whose 
by  the  general  molar  formula  of  /)GiO,.  *  k’a^O  « 
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I'ig.  [}2.  Temperature  dependence  of  integral  in¬ 
tensity  of  thermal  de-excitation  for  glasses  with 
the  composition  4biG2#  Ka^O,  and  0.3  K  0  contain¬ 
ing  the  following  an  the  third  component; 
a  —  oxides  of  group  I  and  group  II  el  omenta 

1  —  BaO 

2  —  BrO 

5  —  NgO 

4  ”  CaO 

3  —  dnO 

C  ~  Li.,0 

b  —  oxides  of  group  III  elemental 

1  —  La,(0, 

«•  u 

2  —  A1„Q~ 

^  u 

5  ~  BO, 

KiTi  A  —  Intensity  in  relative  units 
B  —  Temperature  :!.n  °  K 


0.5J50,..  Oxides  of  group  I- VI  elements  were  added  to  the  glass  composition 

X  V 

an  the  third  variable  component.  The  thermal  do-excitation  curves  were 
recorder)  in  the  temperature  range  to  620°  K  af  to r  gamma-irradiation  of 
the  glnr.n*  r;  with  a  dose  of  1<V  r  (Fig.  32; . 


'i  ;J'-  j /i  a  ty  of  thermal  do-excitation  do sends 
I’i’i'i'i  the  moment  of  irradiation  up  to  measurement, 
on  tiif;  intensity  of  thermal  de-oxei  tu  tion  10  and  ?>0 


on  the  time  elapsing 
Table  22  presents  data 
days  after  irradiation. 


In  glasses  containing  group  of 
limits  of  the  same  group  a  gain  in 
a  reduced  intensity  of  thermal  de-e 


I  and  group  of  II  elements,  within  the 
radiation-optical  stability  leads  to 
xoitatiu/i.  However,  in  glasses  contain! 
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J"  1 

;*o 

i 

BaO 

1800 

290 

CaO 

300 

200 

MC0 

7/*0 

250 

ZnO 

280 

175 

SrO 

900 

600 

Li,0 

185 

ISO 

BjOj 

333 

300 

AljOj 

630  1 

360 

2900 

2100 

KEY:  A  ~  Oxide  varied 

B  —  Intensity  of  maximum  of  thermal  de¬ 
excitation  in  relative  units  when  ex¬ 
posed  for  listed  number  of  days 


oxides  of  group  III  elements,  for  example  41?0^  and  La^,  the  inveise 

aepender.ee  is  observed.  'Phis  shots  that  the  centers  of  optical  absorption 
and  thermal  de-excitation  are  not  always  identical. 

During  irradiation  different  kinds  of  traps  can  be  initiated,  differ¬ 
ing  both  by  their  spatial  location  in  the  Liao;;  network,  as  well  ac  by  the 
depth  at  which  the  energy  level  lies.  Some  can  be  responsible  fer  optical 
aoonrption,  others  —  for  thermal  de-excitation.  Thermal  de-excitation  in 
asses  can  be  re  combinational  in  origin,  as  well  as  be  caused  by  th« 
presence  of  discrete  centers,  which  may  be  activating  ions,  for  example, 
Ce-,  Crr+,  V”+,  ana  30  on. 


besides  the  simple-composition  glasses,  the  thermal  de-excitation  of 
'^0. ...ir-rcial  glasses  K-S,  K-108,  ZhC-17,  and  VVS  wa3  investigated  (Fig.  53 
,  1*  2^'  Ttle3e  glasses  are  characterized  by  a  broad  thermal  de-excita-’ 
tion  spikes ,  whose  position  depends  on  the  glass  composition.  Obviously, 
there  in  a  number  o i  capture  levels  which  cannot  be  resolved.  However* 
are  obaerved  on  curves  characterising  Zhb-17  glass:  one  at  ' 
ddO  K  and  lie  other  at  530°  K.  Hence  it  follows  that  the  energy  levels 
can,  in  spite  of  their  blurred  state,  be  significantly 
differentia  tod,  btudj.es  of  the  structure  of  thermal  de-excitation  spikes 
a r"  of  iri,'f'cest  and  can  bo  conducted  by  a  uu-thnci  which  was  proposed  in 
nicer, t  y^/trs  and  has  come  to  be  called  the  bourecht  method. 


3.  one  ;'t^z  of  Thermal  Excitation  of  Capture 


Centers  in  Irradiated  Classes 


In  studying  the 
is 0 thermal  method  is 


spectrum  of  local  leveic  in  a  solid,  the  main  non- 
to  investigate  tnermal  de-excitation  spectra.  This 
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me  ‘.hod  has  several  advantages:  it  is  experimentally  simple  and  provides 
qualitative  data  cr.  the  energy  spectrum  of  traps,  since  the  position  of 
the  thermoluminesconce  spike  is  directly  associated  with  the  depth  at 
which  the  corresponding  capture  center  lies.  However,  for  a  quantitative 
estimate  of  the  depth  of  traps,  in  addition  to  the  temperature  of  the 
luminescence  maximum  measured  experimen tally,  we  must,  know  the  probability 
of  the  re-capture  of  carriers  and  the  frequency  factors  of  centers.  There- 
are  several  methodological  procedures  for  estimating  these  parameters 
[SI,  22],  In  spite  of  this,  the  quantitative  calculation  of  the  energy 
of  thermal  excitation  based  on  the  thermolumincscence  curves  is  very 
approximate,  and  if  a  material  has  traps  with  several  near-lying  energies 
of  activation  or  if  the  energies  of  activation  are  qua3icontinuous,  quanti¬ 
tative  estimation  becomes  impossible.  In  this  case  one  complex  thermal 
de-excitation  spike  is  formed,  and  based  on  the  measurements  of  the  half¬ 
width  and  symmetry  of  this  complex  spike  one  can  no  longer  obtain  informa¬ 
tion  on  the  frequency  factor  and  other  parameters  of  the  center. 

"0  calculate  the  energy  of  thermal  excitation,  we  can  also  adopt  the 
analytic  decomposition  of  the  curve  into  its  elemen tary  components  [23]. 
However,  it  is  extremely  difficult  to  apply  this  method,  since  the  shape 
of  the  elementary  components  depends  on  constants,  which  can  be  determined 
only  after  decomposition. 

The  method  of  fractional  heating  was  proposed  by  Gobrecht  and  Hoffman 
[24J  for  quantitative  studies  of  the  spectrum  of  thermal  activation  onerg_os 
of  capture  centers.  In  the  Soviet  Union  this  method  was  mastered  in  the 
problem  laboratory  of  semiconductor  physics  at  the  Latvian  State  Univer¬ 
sity  imeni  Stuchka. 

In  the  material  studied,  after  excitation  there  are  capture  centers 
filled  with  charge  carriers.  According  to  [24]*  the  probability  of  freeing 
a  carrier  from  a  trap  is  as  follows; 
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P  Sexp(  — il/*n- 


(28) 


Each  capture  centers  characterized  by  its  energy  of  thermal  excita¬ 
tion  £  and  by  the  frequency  factor  8.  Therefore  all  capture  centers  can 
be  described  by  the  distribution  function  II, ,t. ,  which  expresses  the  con- 

centration  of  capture  centers  in  the  energy  range  U  +  dE  and  the  frequency 
factor  range  S  ^  dS. 

Each  free  electron  recombines  at  an  ionized  activator  or  is  again 
captured  by  a  capture  center.  If  the  lifetime  of  the  free  charge  carrier 
is  much  less  than  the  time  constant  of  the  measuring  equipment,  the  lumi¬ 
nescence  intensity  measured  experimentally  is  proportional  to  the  rate 
at  which  free  carriers  are  generated 


/(0  i \Q~, 

a! 

where  rj  i3  the  quantum  yield  of  luminescence;  W.  is  the  probability  that 
a  carrier  recombines  at  an  activator;  and  dn/dt  is  the  rate  at  which  the 
carriers  are  freed. 


If  X  is  the  coefficient  at  which  the  capture  centers  are  filled  with 
carriers,  the  intensity  of  luminescence  is  determined  mainly  by  the  cap¬ 
ture  centers  for  which  the  product  PX  is  at  a  maximum. 

Let  us  examine  the  contribution  made  by  each  of  the  terms  of  the 
product  to  the  afterglow  kinetics  at  constant  temperature.  Each  type  of 
capture  center  in  isothermal  conditions  has  a  constant  probability  of 
freeing  carriers,  P,  which  depends  on  a(n  and  3.  If  the  following-  ratio 

is  set  aside  for  two  centers: 


anu  the  centers  have  an  identical  probability  of  thermal  excitation  of 
carriers  and  they  make  the  same  contribution  to  the  afterglow. 


The  population  X  of  each  type  of  center  changes  independently  of 
each  other  type  according  to  the  exponential  law: 


x-x.'-".  hh 

The  tine  constant  of  the  luminescence  decay  t"=  1 /p  is  inversely 
proportional  to  the  probability  of  the  thermal  activation  of  capture  cen¬ 
ters.  The  afterglow  curve  consists  of  individual  exponential  sections 
with  increasing  decay  time  constants.  The  main  contribution  to  the 
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afterglow  intensity  is  afforded  by  emptying  of  the  centers  which  in  a 
given  period  hove  the  highest  probability  of  tne  thermal  activation  of 
carriers.  The  population  of  capture  centers  gradually  diminishes. 
Calculation  shows  that  centers  for  which  the  energy  of  thermal  activa- 
tion  lies  within  the  limits  2-3  kT  become  empty  at  the  same  time. 

Let  us  consider  how  luminescence  changes  when  a  sample  temperature 
is  raised.  According  to  expression  (20),  a  temperature  rise  leads  to 
the  exponential  growth  in  the  probability  that  the  capture  centers  will 
be  ionized.  As  long  as  changes  in  the  filling  of  capture  centers  X  are 
slight  (X  -  const),  intensity  of  luminescence  increases  in  proportion  tc 
the  probability  of  ionization.  This  condition  is  satisfied  over  the  low- 
temperature  section  of  thermoluminescence  curves.  If  monoenergetic 
capture  centers  are  present  in  a  specimen  and  if  I&P,  then  we  have 

d  In  7  d  (in  P)  _ _ (.52) 


Therefore,  the  death  of  monoenergetic  traps  can  be  determined  by  the 
slope  of  the  low-temperature  section  of  the  thermoluminescence 
curve  in  the  coordinates  In  I  and  1/lh  The  condition  X  =  const  is  not 
absolutely  precisely  satisfied  in  the  experiment,  but  for  practical  pur¬ 
poses  the  unchanged  population  of  capture  centers  can  exist  in  the  low- 
temperature  section  of  the  thermal  de-excitation  curve  to  a  fairly 
good  approximation.  Actually,  however,  it  is  difficult  to  establish 
whether  luminescence  becomes  stronger  owing  to  the  change  P  or  if  the 
slip  of  the  curve  becomes  more  gradual  owing  to  the  emptying  of  capture 
centers . 

The  oscillating  heating  regime  was  selected  to  monitor  the  changes 
in  the  population  of  capture  levels.  The  sample  temperature  was  raised 
a  few  degrees  and  then  the  3ample  was  cooled  to  its  initial  temperature. 

If  the  luminescence  intensity  after  the  temperature  oyc^e  decreased  only 
slightly,  the  population  of  levels  changes  quite  little.  Cycles  ol  heat¬ 
ing  und  cooling  were  repeated  many  times,  while  all  carriers  stored  at 
capture  centers  recombined.  Prom  the  slopes  of  the  heating  and  cooling 
curves  we  can  determine  the  mean  depth  of  capture  centers,  which  are 
mainly  freed  in  the  same  temperature  cycle. 

Investigations  by  this  method  were  conducted  on  KV  quartz  glass  [25] 
(cf.  Fig.  51  a).  A  complex  low-temperature  thermal  de-excitation  spike 
with  its  maximum  near  14 0°  K,  and  a  higher-temperature  thermal  de-excita- 
tion  spike  —  at  about  220°  K  —  are  differentiated.  The  results  of 
measuring  the  thermal  de-excitation  spectra  showed  that  in  KV  type  glasses 
there  arc  at  least  two  types  of  capture  centers,  but  it  is  highly  probable 
that  the  low-temperature  spike  is  also  caused  by  two  types  of  capture  cen¬ 
ters.  The  depth  at  which  the  centers  lie  cannot  be  established  based  on 
thermal  de-excitation  spectra  since  we  do  not  know  the  frequency  factor 

of  each  center,  and  for  the  low-temperature  spikes  we  do  not  know  T  of 

max 
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-jci.  olervntary  subspike,  owin*  tc  it. tcr.se  •_  .erlapping.  !;.■  i*>..’„lu11-, 
spec  t  ru.:.  of  th.-  energies  of  t normal  excitation  dett reined  by  ti.c  :...  t..oe 
of  fractional  heating  is  shown  in  Fig.  54  for  the  KV  sompie.  Trie  sample 
was  ex cite a  at  a  temperature  of  96°  K  witn  x-rays  for  2  hours.  The  spec¬ 
trum  was  averaged  with  respect  to  energies  of  excitation  and  light  totals 
from  104  temperature  cycles.  The  experiment  was  conducted  so  to  at  the 
amplitude  of  the  temperature  cycle  rose  with  a  gradual  increase  in  the 
mean  cycle  temperature  and  was  AT  -  0.1 T  . 

ci  V 


Fig.  54-  Spectrum  of  energies  of  thermal 
activation  of  KV  glas3 
KFYs  A  —  Concentration  of  capture  centers 
in  relative  units 
B  —  Energy  of  activation  in  ev 


Maxi mu  on  the  curve  are  singled  out  for  four  energies  of  thermul 
aotivationj  0.21,  0.37,  0.925,  and  O.64  ev.  Therefore,  samples  of  KV 
g] afisea  have  four  types  of  local  levels  with  corresponding  energies  of 
thermal  activation.  The  area  under  the  spikes  shows  the  relative  concen¬ 
tration  of  the  corresponding  filled  local  levels.  Evidently,  concentra¬ 
tions  of  three  high-energy  levels  differ  only  slightly,  while  the  population 
of  the  low-energy  level  is  smaller  by  a  factor  of  4-6, 
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Fig.  55-  Mean  energy  of  activation 
as  a  function  of  mean  cycle  tempera¬ 
ture  for  KV  glass 

KEY:  A  —  Energy  of  activation  in  ev 
B  —  Sample  temperature  in  0  K 
C  —  Thermoelectromotive  force  in  niv 

Fig.  55  shows  the  mean  cycle  energy  as  a  function  of  the  mean  cycle 

temperature.  Each  point  in  this  figure  corresponds  to  one  temperature 

cycle  (approximately  60  of  the  104  cycles  are  plotted  on  the  graph).  As 

we  can  see,  from  cycle  to  cycle  the  measured  energy  depth  of  the  capture 

centers  varies  with  increase  in  mean  temperature.  Here  the  measured 

temperature  increases  nearly  monotonely  during  the  first  cycles  (low- 

temperature  points).  At  mean  cycle  temperatures  (120-145°  K.)  the  measured 

mean  cycle  energy  remains  nearly  unchanged,  that  is,  it  is  predominantly 

the  same  type  of  trap  that  is  emptied  in  the  cycles,  Corresponding  to 

this  plateau  is  the  spike  at  E  nv  «  0.57  ev.  In  the  next  several  cycles 

mox 

the  measured  mean  cycle  energy  again  increases  smoothly  to  the  next 
plateau,  to  which  corresponds  the  spike  at  0.525  ev.  After  the  traps  at 
this  depth  have  been  emptied,  the  cycle  energy  rises  to  the  next  plateau, 
which  is  formed  by  cycles  de-exciting  capture  centers  at  a  depth  of  O.64  ev. 

The  temperature  control  regime  in  each  cycle  was  selected  as 
f 0II0W3  in  measuring  the  spectra:  the  temperature  was  increased  and  then 
decreased  linearly  with  time  so  that  during  a  cycle  the  intensity  of 
recombination  luminescence,  beginning  from  some  level,  increased  and  then 
decreased  by  a  factor  of  20,  while  the  cycle  time  remains  approximately 
constant.  Therefore,  in  all  cycles  approximately  the  same  li^it  total  was 
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.•hv-.ir.ptf  (th;:t  is,  the  nurner  of  recombi.-iec  war:  tii«  nan),  which 

is  reflected  in  tor-  curve  in  Fig.  53*  In  tn»-  plateau  region  the  mean 
temperature  inoroares  fro::.  c,>  It'  to  cycle  ;;.u  ...cf"  slowly  than  along  the 

increasing  sections,  therefore  the  points  lie  '..ore  thirdly  r^-iutivc  to 
the  abscissa  axis* 

Fi g.  53  has  nc  plateau  which  would  correspond  to  the  first  maximum 
in  the  curve  of  Fig.  34*  A  detailed  analysis  of  the  numerical  results 
of  measurements  shows  that  this  spike  i.3  formed  by  about  five  temperature 
cycles,  whose  mean  energy  does  not  increase  from  cycle  to  cycle,  but 
fluctuates  about  the  value  0 .31  ev.  Therefore  the  presence  of  capture 
centers  at  this  depth  cannot  be  regarded  as  demonstrated  by  the  measure¬ 
ments  cade;  additional  study  of  this  temperature  region  with  a  lower 
light  sum  de-excited  in  each  cycle  is  required,  a  comparison  of  the 
thermal  de-excitation  curves  and  the  fractional  heating  spectra  shows 
the  advantages  of  the  latter  method. 

By  measuring  the  energy  spectra  using  the  technique  of  fractional 
heating,  one  is  able  to  resolve  the  energy  levels  of  several  thermal  de¬ 
excitation  spikes  (spikes  at  E^,  *  0.31,  0.37,  and  0.525  ev,  and  the 

thermal  luminescence  spike  at  T  -  413°  K)  and  to  srove  that  the  others 

max 

are  elementary  (E  -  0.64  ev  and  the  thermal  de-excitation  spike  at  T 

i.  max 

-  330°  K).  Based  on  the  fractional -heating  spectra,  for  the  first  time 

the  energy  of  thermal  activation  of  capture  centers  existing  in  KV  glasses 

was  established. 

The  half-width  of  spikes  at  the  curve  in  Fig.  54  corresponds  to  2  kT 
(where  T  is  the  temperature  at  which  liberation  of  carriers  occurs  most 
effect ively).  Thus,  the  half-width  of  the  spike  and,  therefore,  the 
resolving  power  of  the  method  corresponds  to  theoretical  considerations; 

This  fact  shows  that  local  states  that  are  capture  centers  in  KV  type 
quartz  glass  are  monoenergetic,  that  is,  the  thermal  activation  energies 
are  discrete.  Therefore  it  appears  highly  probable  that  formations  serving 
as  capture  centers  for  carriers  are  formations  with  a  stable  physicochemical 
structure  and,  though  the  nature  of  these  formations  remains  thus  far  un¬ 
clear,  the  role  of  near  order  in  determining  their  structure  is  dominant. 

The  depth  of  capture  centers  increases  monotonely  with  mean  tempera¬ 
ture  cycle  (cf.  Fig.  55)*  From  this  it  follows  that  the  frequency  factor 
(pre-exponential  cofactor  of  the  probability  that  carriers  will  be  liberated) 
is  approximately  the  same  for  all  capture  centers. 

After  cessations  of  excitation  at  100°  K,  intense  afterglow  of  a 
sample  is  observed,  decaying  down  to  zero  fairly  rapidly.  The  first 
temperature  cycles  of  fractional  heating  measured  immediately  after  cessa¬ 
tion  of  excitation  show  the  following  mean  calculated  energies:  0.18, 

0.24,  0.2B  ev,  and  so  on.  From  this  it  follows  that  finer  capture  centers 
exist  in  appreciable  concentration  in  samples,  and  their  study  necessi¬ 
tates  lower  temperatures.  Therefore,  to  determine  the  complete  energy 
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spectrum  (if  rapture  centers  in  quartz  glasses  we  must  conduct  mc-asuromor  ts 
be pinning'  with  the  liquid  helium  temperature.  It  can  be  anticipated  that 
after  the  fit  temperature-!'  we  will  be  able  to  osservo  (irta.il::  of  t.-v.-  mo c na¬ 
nism  of  recombination  processes,  recombination  witn  the  freeing  of  quasi- 
free  carriers,  tunneling  recombination,  ana  the  manifestation  of  me  testable 
levels. 


4.  Thermal  Annealing  of  Color  Centers 

The  breakdov.i  of  color  centers  during  heating  of  an  irradiated  speci¬ 
men  is  a  widely  known  fact.  As  a  rule,  heating  a  sample  to  700°  K  restores 
th*  optical  absorption  of  a  glass  to  its  initial  level.  The  temperature 
dependence  of  the  rate  of  de-excitation  of  irradiated  glasses  has  been 
studied  in  several  works  [26,  27],  but  correlations  affording  conclusions 
as  to  the  nature  of  color  centers  huve  not  been  forthcoming.  Isothermal 
and  optical  de-excitation  of  irradiated  specimens  was  investigated  more 
closely.  A  large  number  of  well-executed  studies  are  considered  in  detail 
in  the  review  [<:$].  However,  several  aspects  of  this  problem  merit  closer 
study. 

The  fundamental  equation  of  the  kinetics  of  color  center  accumulation 
(14)  involves  parameters  characterizing  radiation  as  well  as  thermal 
annealing  of  color  centers.  The  work  [29]  examines  the  process  of  iso¬ 
thermal  de-excitation  of  pre-irradiated  glasses  and  proposes  of  formula 
for  its  description 

— ~  Ae~bl,  (33) 

dt 


where  A  and  b  are  constants. 

Actually,  setting  p  ■  q  -  0  in  equation  (14),  we  get 

n  —  'in  —  n0  ( 1  — c~'tT‘) 

whence 

(5 

However,  the  results  of  our  experimental  studies  and  those  of  others 
[27]  show  that  equation  (33)  does  not  describe  experimental  curves 
exactly.  Pig.  H6  presents  curves  characterizing,  the  breakdown  of  color 
centers  with  time  after  irradiation  has  been  stopped.  Typical  of  these 
is  the  f cadency  to  saturation,  which  does  not  follow  from  equation  (33a). 

Evidently,  at  the  initial  concentration  n^  there  are  both  thermal 

stable  centers  n  as  well  as  unstable  therms)  centers  that  break  down 
with  time.  Then'  the  differential  equation  characterizing  the  rate  of 
isothermal  do-excitation  will  be  of  the  form 


da  —1ft 
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.-.don  tin :£  us  the  boundary  conditions  r.  =  nQ  when  t  =  0,  let  us  find 
,e  solution  of  this  equation: 


(24) 


.once 


-■5- 


~«T' 


By  co:r.parinc  equations  .(33)  ar-:  (35 ) >  w<?  havt? 

^  =  /j0  —  «6T;  b  =  qT. 


(33) 


Fif,. 


36.  Chur.je  in  lifjht  transmission  of 
irradiated  glasses  with  time 
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....•nations  (34  j  uw-i  (3..)  describe  the  pr-  -'•'••as  of  ti.*  .  ' n thermal  brva-.  - 
•'•own  of  color  centers  in  glasses  wl>-n  color  that  are  stable  and  unstable 
,*t.  a  given  temperature  are  irradia t'-d .  Upon  prolonged  exposure  following 
irradiation,  the  color  center  concentration  drops  off  via  zero,  or  to 


■The  moan  rate  of  isothermal  de-excitation  for  several  simple-composi¬ 
tion  glasses  has  been  cited  in  the  work  [20 ]  ('fables  21  and  23). 
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K i*IY:  A  —  Glass  composition  in  mol"  percent 

D  —  Hate  of  thermal  de-excitation  in  mm  —  l/mm  at  listed 
energy  in  ev 


De-exci tation  of  glasses  1-8  was  conducted  at  37 3°  K,  and  at  333°  X 
for  glasses  9~17;  here  the  rate  of  de-excitation  of  the  4.6  ev  band  of 
glasses  j~1 1  was  too  high  to  be  measured. 


Unfortunately,  at  present  there  are  virtually  no  data  on  the 
values  f<r  different  glasc  compositions  or  for  different  temperatures, 
however,  the  value  of  q„  is  necessary  in  determining  the  thermal  stabi- 

J 

lity  of  centers,  which  is  vital  in  predicting  induced  absorption  as  a 
function  of  irradiation  intensity. 
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CHAPTER  NINE 

EFFECT  OF  RADIATION  ON  ELECTRICAL  PROPERTIES  OF 
CLASSES  AND  CERAMICS 


Electroconductivity,  dielectric  permeability,  dielectric  losses,  and 
electrical  strength  of  dielectrics  are  determined  by  physical  processes 
associated  with  the  liberation,  displacement,  mobility,  and  concentration 
of  electrical  charges  in  a  dielectric.  Irradiation  increases  the  concen¬ 
tration  of  free  electrons  and  changes  the  conditions  of  charge  displacement. 
Some  of  these  conditions  act  only  during  the  irradiation  time,  while  others 
persist  even  after  irradiation.  All  this  accounts  for  the  complicated 
dependence  of  the  enumerated  characteristics  on  irradiation. 


1.  Accumulation  of  Charge  and  Breakdown  of  Dielectrics  Caused  by  Irradia¬ 
tion 

The  ionization  of  atoms  exposed  to  radiation  and  the  initiation  of 
free  charge  carriers  causes  a  dielectric  to  be  polarized,  that  is,  induces 
an  electric  moment  in  it.  Under  some  irradiation  conditions  polarization 
can  be  macros copically  manifested:  after  irradiation  a  charge  with  the 
opposite  sign  is  detected  on  the  opposing  surfaces  of  the  dielectric 
sample.  Some  glasses  in  this  case  are  capable  of  retaining  the  induced 
charge  for  a  long  time,  that  is,  they  become  electrets  [i].  After  irradia¬ 
tion,  the  dielectric  can  remain  macroscopically  neutral,  but  still  induced 
charge  and  polarization  can  be  manifested  under  certain  conditions.  It  is 
sufficient,  for  example,  to  place  the  sample  in  an  electrical  cell, 
to  short-circuit  its  opposite  sides,  and  begin  heating  it  as  the  dis¬ 
charge  current  is  induced,  whose  value  and  direction  can  be  recorded  by 
connecting  it  to  the  external  circuit  of  an  ammeter. 

The  discharge  of  an  irradiated  dielectric  when  heated  ia  associated 
with  the  fact  that  the  distribution  of  charge  carriers  recorded  at  the 
irradiation  temperature  iB  disrupted,  carriers  begin  moving  toward  the 
electrodes,  and  a  current  is  induced  in  the  external  circuit.  One  of  the 
typical  features  of  discharge  currents  ia  the  complicated  dependence  of 
their  value  and  direction  on  temperature  and  time  (Fig.  57)  [l]. 
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TABLE  25.  RATE  OF  THERMAL  DE-COLORIZING  OF  GLASSES  IN  THE  SYSTEM  Ha20“Zn0-Si02 


Pig.  57.  'typical  dependence 
of  discharge  current  of  glass 
irradiated  with  electrons  on 
heating  temperature  and  time 
(specimen  thickness  17.5  mm) 
KEY i  A  --  Current,  I  •  10-10, 
in  amperes 

B  --  Time  in  minutes 
C  —  Temperature  in  0  K 


1 


,70  | 

VO  £ 
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Pig.  58,  Dependence  of  value  and 
direction  of  discharge  current  on 
the  site  of  measured  section  in 
irradiated  sample 

1  —  irradiated  area  of  sample  is 

3  mm  thick 

2  —  as  above,  10  mm 

3  thickness  of  unirradiated  sample 
area  is  8,9  mm 

4  —  as  above,  5.5  mm 

KEY?  A  —  Current,  I  «  10  ,  ir,  a 

B  —  Time  in  min 
C  — -  Temperature  in  0  k 
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i-'or  tne  case  of  irradiation  with  electrons,  polarisation  of  the  di¬ 
electric  is  easily  accounted  for  by  the  introduction  of  excess  negative 
charge,  3ince  sample  thickness  is  greater  than  the  electron  patn.  However, 
the  distribution  of  this  charge  across  these  sample  thicknesses  is  of  a 
complicated  form.  It  is  obtained  from  experiments  measuring  the  dis¬ 
charge  current  at  plates  prepared  by  longitudinal  cutting  of  the  -irradiated 
sample.  The  discharge  current  is  produced  both  on  irradiated  or  unirra¬ 
diated,  deeper-lying  layers  of  the  sample  (cf.  Fig.  58),  which  indicates 
the  initiation  of  a  compensating  positive  charge  in  the  region  of  the 
sample  that  is  not  irradiated  with  electrons.  The  value  and  shape  of  the 
dependences  of  current  on  heating  time  and  temperature  enable  us  to  plot 
the  charge  distribution  and  the  distribution  of  the  electrical  field  in 
the  sample  (Fig.  59)  [l]. 

In  Fig.  59  the  point  x„  is  at  the  depth  of  maximum  electron  concen- 

Q 

tration  (about  0.4  cm,  which  corresponds  to  the  free  path  of  2  Mev  elec¬ 
trons).  The  distribution  curve  of  the  electrostatic  field  in  the  sample 
is  obtained  by  integrating  the  density  of  the  space  charge.  Since  the 
cell  is  short-circuited,  the  integral  of  the  fields  from  one  surface  to 
another  is  zero,  and  and  x^  are  the  field  inversion  points. 

The  above-mentioned  distribution  curves  correspond  to  the  state  imme¬ 
diately  after  irradiation  at  room  temperature.  When  the  temperature  is 
increased  negative  charge  carriers,  initially  captured  by  trapB  between 
the  irradiated  surface  and  point  x  .  move  toward  electrode  A,  Positive 

a 

charge  carriers  captured  by  traps  between  the  unirradiated  surface  and 
point  x^  move  toward  electrode  B.  Charge  carriers  between  points  x^  and 

x^  are  subject  to  the  reverse  field,  which  shifts  the  negative  charge  in 

the  reverse  direction.  The  net  external  current  recorded  in  the  current 
is  the  sum  of  the  positive  and  negative  components.  Since  these  components 
must  be  distinct  time  functions,  the  overall  current  can  modify  the  direc¬ 
tion, 


In  contrast  to  discharging  electron-irradiated  samples,  samples 
irradiated  with  gamma-rays,  according  to  do  not  yield  discharge 

currents  when  there  is  uniform  heating  in  the  electrolytic  cell,  which 
enables  us  to  conclude  that  there  is  no  polarization  present  upon  gamma- 
radiation.  However,  heating  a  sample  of  Coming  707  glass  uniformly 
irradiated  with  gamma-rays,  in  the  presence  of  a  temperature  gradient, 
is  accompanied  by  discharge  currents  [2],  Here  the  direction  of  the 
current  observed  corresponds  to  the  movement  of  electrons  toward  the 
hotter  electrode.  The  initiation  of  current  is  explained  by  the  fact 
that  in  a  nonuniform  temperature  field  carriers  begin  to  move  opposite 
to  the  gradient,  and  the  diffusion  coefficients  of  the  carriers  of  nega¬ 
tive  and  positive  charges  differ  from  each  other.  This  leads  to  the 
appearance  of  a  net  external  current,  whose  polarity  indicates  the  high 
mobility  of  the  negative  charge  carriers,  that  is,  electrons,  which  is 
wholly  natural. 
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Fig.  59*  Distribution  of  bulk 
charge  and  electrical  field  in 
dielectric  irradiated  with 
electrons  (the  arrow  indicates 
the  direction  of  the  electron 
beam) 

1  —  field 

2  —  charge 


Still,  in  more  recent  studies  electrical  polarization  of  various 
dielectrics  after  gamma-irradiation  .vao  detected  [j].  Irradiated  samples 
placed  even  in  a  uniform  temperas  re  field  produce  a  discharge  current, 
even  though  of  a  relatively  low  value,  Hie  initiation  of  a  space  charge- 
in  a  sample  subject  to  irradiation  on  one  side  is  associated  with  the  fact 
that  the  scattering  of  Compton  electrons  formed  upon  exposure  to  quanta 
occurs  principally  in  the  direction  of  the  primary  radiation,  which  then 
gives  rise  to  the  nonuniform  distribution  of  electrons  in  the  irradiated 
volume.  The  displacement  of  electrons  in  the  direction  of  irradiation  and 
their  capture  by  traps  at  deeper  layers  lead  to  the  buildup  of  negative 
charge  near  the  unirradiated  surface,  which  brings  about  a  rise  in  the 
compensating  positive  charge  on  the  side  of  the  sample  facing  the  irradiated 
surface  (Fig.  60)  [4,  5]* 

The  value  of  the  bulk  charge  depends  on  the  absorbing  ability  of  the 
glass,  therefore  polarization  is  manifested  more  strongly  in  lc id  glasses. 
Ih'.a  polarization  was  detected  when  lead  silicate  glass  was  irradiated 
with  x-rays  at  closes  from  2  •  1 0^  to  2  •  104  r  [6].  When  a  sample  is 
heated  in  the  550"430°  K  range,  a  current  was  recorded  that  changed  its 
direction  at  390°  K. 

The  polarization  of  lead-silicate  glass  caused  by  x-ray  irradiation 
obeys  several  correlations,  in  particular,  increasing  the  radiation  tem- 
peratux-e  lowers  the  dose  at  which  polarization  saturation  seta  in  (upwards 
of  106  r  for  291°  V)  105  r  for  320°  K;  and  5  •  104  r  for  343°  K).  In¬ 
creasing  the  radiation  dose  intensity  to  300-400  r/min  causes  more  intense 
polarization;  a  furtner  rise  in  dose  intensity  has  no  effect  [7]* 
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Pig,  60.  Distribution  of 
bulk  charge  in  gamma - 
irradiated  dielectric 
(the  arrows  denote  the 
direction  of  irradiation) 


When  an  irradiated  sample  with  nonuniform  distribution  of  charge 
carriers  is  placed  in  a  uniform  temperature  field,  the  carriers  freed 
tinder  the  effect  of  the  internal  field  begin  to  migrate  toward  the  Bample 
surfaces,  which  induces  a  weak  discharge  current  [e].  The  need  for  non- 
uniform  irradiation  to  cause  polarization  to  rise  has  been  confirmed  by 
several  experiments.  For  example,  it  is  reported  in  the  work  [4]  that 
samples  of  radiation-resistant  flint,  irradiated  on  one  side  with  gamma- 
rays  from  a  Co®0  source,  when  placed  in  a  uniform  temperature  field  yielded 
two  well-defined  spikes  of  negative  and  positive  current  at  temperatures 
of  410  and  450°  K.  After  the  sample1*  were  uniformly  irradiated  on  all 
sides  with  the  same  gamma-ray  dose,  the  discharge  current  curve  recorded 
under  the  s^.me  conditions  had  two  much  weaker  spikes,  shifted  toward  the 
low-temperature  aide.  Thus,  to  cause  a  discharge  current  to  appear  with 
heating,  we  need  nonunifortatty  either  of  the  radiation  or  of  the  tempera¬ 
ture  field  in  the  sample. 

When  a  nonuniformly  irradiated  sample  is  placed  in  a  nonunifcrm  tem¬ 
perature  field,  a  current  caused  by  the  different  diffusion  coefficients 
of  the  carriers  is  superimposed  on  the  current  induced  by  the  internal 
electrostatic  fields.  Therefore,  depending  on  the  direction  of  the  fields, 
either  strengthening  or  weakening  of  the  external  current  can  occur. 

Since  both  currents  obey  different  temperature  functions,  a  change  in  the 
position  of  the  irradiated  sample  in  the  cell  can  alter  the  discharge 
current  pattern  [3]. 

The  use  of  high  temperature  gradients  causes  an  increase  in  the  inte¬ 
gral  discharge  current.  Regardless  of  the  gradient  used,  the  integral 
current  reaches  saturation  at  doses  of  about  3  •  10®  r  [9,  10].  Even 
the  application  of  a  strong  external  electrical  field  to  the  discharge 
sample  causeB  no  marked  change  in  the  value  and  direction  of  the  discharge 
current,  which  indicateo  an  extremely  high  level  of  the  pseudo-Thomsonian 
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coefficient  (10-100  v/deg)  for  the  discharge  current  caused  by  irradiation 

[3]. 


In  addition  to  the  discharge  caused  by  heating  and  irradiated  dielec¬ 
tric,  a  discharge  photocurrent  is  induced  when  tne  same  samples  are  irra¬ 
diated  with  ultraviolet  rays.  In  this  case  samples  of  quartz  glass  and 
Pyrex  irradiated  with  beta-rays  at  a  dose  of  7  *  lO?  rad  from  a  Sr90  source 
were  placed  in  a  cell  and  illuminated  with  a  mercury  lamp  [ll].  The  charge 
accumulated  upon  irradiation  was  lowered  by  50  percent  in  5  minutes  on 
quartz  glass  samples  and  in  90  minutes  on  Pyrex  sam]les.  The  retarded 
discharge  of  Pyrex  is  associated  the  authors  with  its  lower  ultraviolet 
transmission. 

In  many  studies  on  the  polarization  and  discharging  of  irradiated 
dielectrics,  emphasis  centers  on  the  relationship  of  these  phenomena  with 
the  formation  and  breakdown  of  color  centers.  In  the  literature  it  is 
noted  that  total  discharge  of  a  sample  corresponds  to  its  complete  decolor¬ 
izing,  that  is,  the  color  centers  are  the  charge  carrier  sources  [l,  9]. 
Since  the  breakdown  of  color  centers  is  accompanied  by  luminescence, 
naturally  there  is  a  specific  relationship  between  thermal  discharge  and 
thermoluminescence .  For  example,  in  the  work  [l2]  atvention  is  directed 
toward  the  relationship  of  the  thermoluminescence  spikes  of  glass  (570 
and  41O0  K)  and  the  discharge  current  spikes  (4100  K). 

The  chemical  composition  of  glasses,  affecting  the  number  and  stabi¬ 
lity  of  color  centers,  also  affects  the  polarization  value.  As  indicated, 
polarization  depends  on  the  absorbed  dose,  therefore  in  the  case  of  x-ray 
or  gamma-ray  irradiation  these  are  more  readily  observed  in  heavy  glasses 
with  a  large  absorption  coefficient.  In  the  study  [5],  the  investigation 
covered  several  commercial  glasses,  including  quartz  7940  and  borosilicate 
7070  made  by  the  Corning  Glass  Works,  lead  silicate  protective  glass  from 
Pittsburg  Glass,  the  quartz  glass  Suprasyl,  and  also  two  calcium  aluminum- 
borate  glasses  ( Cabal-25:  CaO  •  4.5B20^  •  A120j  and  Cabal-59*  CaO  •  2.5B20^ 

•  A120^  *  0.2Ce02).  Here  it  was  noted  that  the  integral  discharge  current 

for  quartz  glass  is  much  lower  than  for  multicomponent  technical  glasses 
(Fig.  61).  This  fact  is  related  by  the  author  to  the  large  number  of 
traps  in  technical  glasses,  that  is,  to  the  large  number  of  color  centers. 
The  presence  of  cerium  in  glass  preventing  the  formation  of  color  centers 
3till  does  not  reduce  the  accumulated  charge  and  discharge  current  values 
[10].  In  the  study  [4]  it  was  found  that  the  simultaneous  presence  in 
lead  silicate  glass  of  two  transition  elements  causes  the  initiation  of 
positive  and  negative  maxima  on  the  discharge  current  curve,  while  glasses 
containing  a  single  transition  element  yield  only  one  positive  spike  (Fig. 
62). 


On  attainment  of  a  sufficiently  strong  internal  field  in  an  irra¬ 
diated  dielectric,  its  breakdown  may  occur  simultaneously.  It  is  simple 
to  obsei-ve  a  breakdown  when  mechanical  damage  is  applied  at  the  surface  of 
an  irradiated  sample,  for  example,  by  puncturing  it  with  a  needle.  In  this 
case  the  breakdown  voltage  will  be  measured  by  connecting  the  needle  to  a 
voltmeter. 
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Fig.  6'.  Discharge  current  in  glasses 
after  gamma-irradiation  with  the  dose 

3.3  •  10^  r  at  a  temperature  gradient 
of  31  deg/mm 

1  —  Pittsburg  Glass  6792 

2  —  Corning  7070 

3  —  Cabal-39 

4  —  Suprasyl  „10 

KEYj  A  —  Current,  I  »  10  in  a 

B  —  Temperature  in  0  K 


Fig,  62.  Discharge  current  in  the 
following  glasses 

1  —  glasB  with  composition  60  $  SiO£ 

and  40  i<>  PbO  without  additives 

2  —  as  above,  with  additive  of  0.4  $ 

Ce02 

3  --  as  above,  with  additive  of  0,1  ^ 

FegOj  +  0,5  %  OeOz 

4  —  as  above,  with  additive  of  0.5  $ 

Fe203 

5  ■—  as  above,  with  additive  of  0,5  ^ 

TiQ?  +0.1  io  Fe20j 

KEY:  A  —  Current,  I  •  10  ,  in  amperes 

B  —  Temperature  in  0  K 
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Spontaneous  breakdown  of  lead  silicate  glass  (4&  percent  Si02;  0.9 

percent  Nao0;  24*5  percent  PbO;  12.6  percent  K.,0;  2.4  percent  CeCu;  ana 

0.9  percent  Fe^O^)  was  noted  for  radiation  doses  of  (7“9)  *  10'  i  [12]» 

The  breakdown  voltage  measured  in  this  fashion  was  1.2  •  10^  v/cm.  This 
value  is  below  the  dielectric  strength  of  a  given  glass  (9  •  10“  v/cm), 
which  accounts  for  the  increase  in  the  local  concentration  of  the  field 
immediately  prior  to  breakdown.  The  reduction  in  the  breakdown  strength 
of  radiation-resistant  glass  of  the  system  K20-Na20-Pb0-Si02  owing  to 

irradiation  has  been  reported  in  the  paper  [l 0] .  The  reduction  i9  25  per¬ 
cent  of  the  initial  value  for  alternating  current  and  9.5  percent  for 
direct  current. 

Breakdown  of  an  irradiated  dielectric  is  usually  accompanied  by  a 
flash  of  light,  after  which  the  characteristic  discharge  figure  —  the 
so-called  Lichtenberg  figure  —  becomes  noticeable  on  the  sample-  In 
electronic  irradiation,  the  depth  at  which  the  plane  of  the  discharge 
figure  lies  corresponds  to  the  depth  of  captured  electrons.  The  area  of 
the  discharge  figure  is  proportional  to  the  integral  discharge  current 

[1,  M]. 

The  overall  discharge  glow  time  of  a  radiation-resistant  flint 
recorded  by  high-speed  motion  picture  photography  was  20-30  microseconds 
for  a  10^  r  radiation  dose.  When  the  radiation  dose  was  boosted  to 
2  •  10°  r,  the  total  discharge  time  was  reduced  tc  17-I8  microseconds. 

Formation  of  Lichtenberg  figures  can  also  be  produced  and  observed 
in  different  ways  [ 1 4] . 

1.  A  dielectric  with  a  notch  on  its  surface  made  by  impressing  a 
needle,  and  then  subsequently  irrediated  yields  a  discharge  figure  at 
the  very  first  irradiation,  where  the  onset  of  the  discharge  is  at  the 
damage  site.  The  value  and  shape  of  the  discharge  figure  depends  on  the 
integral  dose  of  the  first  irradiation. 

2.  After  irradiation  a  sample  is  placed  on  a  grounded  plate  and  a 
new  indentation  is  wade  with  e  grainded  needle.  If  the  radiation  d.ise 
or  the  accumulated  charge  are  large  enough,  a  flash  takes  place  caused 

by  the  discharge  occurring  along  the  same  path  as  in  the  first  irradiation. 
For  irradiation  with  low-energy  electronic  beams,  the  irradiated  layer  of 
the  sample  has  a  relatively  shallow  depth,  and  the  electroconductivity  of 
this  layer  is  very  high  owing  to  the  high  concentration  of  the  electrons, 
therefore  the  accumulated  charge  is  released  in  a  very  short  time.  Cha¬ 
racteristics  of  the  materials  and  their  properties  are  presented  in  Table 

26  [143- 

One  more  methoa  of  observing  Lichtenberg  figures  and  recording  the 
discharge  current  is  described  in  the  work  [lo].  An  irradiated  glass 
sample  is  placed  in  a  mechanical  strength  testing  machine,  and  a  load  is 
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TABLE  26.  EFFECT  OF  ELECTRONIC  IRRADIATION  ON 
ELECTRICAL  PROPERTIES  OF  CLASS 
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KEY*  A  —  Glass 

B  —  Resistance  in  ohms  *  cm 
C  —  Discharge  current  in  microamperes 
D  —  Irradiation  time  in  seconds 
E  —  Time  to  discharge  in  hours 
F  --  Nondarkening  CN 
G  —  Lead  F-36-N 
H  —  Lead  F-62-R 
I  —  Sodium 


applied  in  the  center  of  the  surface  using  a  hard  cone.  At  constant  load 
(14O  kg),  the  discharge  current  becomes  maximum  in  10  hours  after  irra¬ 
diation  with  doses  of  10^  and  10?  r. 

When  the  3tudy  was  made  of  discharging  under  the  effect  of  variable 
load  on  samples  of  glasses  with  different  chemical  compositions  irradiated 
with  doses  of  10^  and  1C>7  r  (the  measurement  was  taken  24  hours  after 
irradiation),  the  following  findings  were  made  [lo]i 

a)  as  a  rule  the  discharge  current  was  stronger  and  the  Lichtenberg 
figure  had  a  distinctive  central  stem  (dendritic  form)  in  CeOg-rich  glasses 

b)  the  overall  current  is  reduced  and  the  damage  area  is  also  narrowed 
with  decrease  in  the  dimensions  of  radiated  samples,  that  is,  the  current 
is  nearly  proportional  to  the  irradiated  surface  area; 

c)  the  discharge  current  is  increased  with  decrease  in  applied  loaa; 

and 

d)  the  discharge  current  in  the  glasses  is  reduced  when  the  potassium 
is  partially  replaced  with  sodium,  when  sodium  and  potassium  are  partly 
replaced  with  calcium,  silicon  --  with  beryllium,  potassium  —  with  zinc, 
silicon  —  with  aluminum,  and  silicon  —  with  phosphorus,  and  in  the  case 
of  industrial  radiation-resistant  lead  glass  —  when  slight  amounts  of 
WOj  and  Sb20^  are  introduced.  However,  adding  a  large  amount  of  Sb205 

(more  than  8  percent)  to  sodium  borosilicate  glass,  as  shown  by  our 
investigations,  leads  to  an  increase  in  the  region  damaged  by  the  discharge 


It  is  possible  that  the  damage  in  borosiiicate  glasses  intensively 
irradiated  with  ultraviolet  rays  is  related  to  similar  phenomenon  [lb]> 
though  the  authors  of  this  study  attribute  this  effect  to  structural 
changes  in  the  glass  caused  by  the  migration  of  alkali  ions  in  the  field 
of  the  charge  induced  by  irradiation  and  caused  by  change  in  boron  coordi¬ 
nation.  And  naturally,  the  authors  themselves  note  that  when  a  sample  of 
Terex  glass  that  had  received  extended  irradiation  with  ultraviolet  rays 
was  heated,  a  strong  discharge  current  is  induced  in  the  electrolytic 
cell  (up  to  10"°  a),  much  higher  than  the  current  in  glasses  irradiated 
with  x-  or  gamma-rays.  In  all  probability  here  we  have  effects  of  differ¬ 
ent  kinds  induced  upon  irradiation  being  superimposed  on  each  other*  elec¬ 
tronic  effects  —  the  initiation  of  polarization  owing  to  Compton  electrons 
and  structural  effects  —  change  in  the  distribution  of  cations  and  the 
associated  appearance  of  stresses  in  the  irradiated  layer. 

2.  Effect  of  Nuclear  Radiation  on  the  Electrooonductivity  of  Glasses  and 
Ceramics 

Exposure  of  dielectrics  to  radiation  causes  two  kinds  of  changes  in 
the  electroconductivity  produced  by  the  initiation  of  free  charge  carriers. 

The  first  is  radiation  electroconductivity,  observed  directly  on 
exposure  to  radiation  and  a  rise  in  level  because  electrons  carried  into 
the  conductivity  zone  travel  in  the  dielectric  under  the  effect  of  the 
applied  field  until  they  are  captured  by  traps  or  else  recombined  with 
holes  in  the  valency  zone.  Mobile  ions  of  alkali  metals  can  also  serve 
as  charge  carriers  in  addition  to  electrons,  since  the  applied  electrical 
field  hampers  their  recombination  and  stimulates  their  disunion  £ 16] . 

An  increase  in  the  electroconductivity  of  a  dielectric  upon  irradia¬ 
tion  obeys  the  following  relationship  [ 1 7] 

.  en  y. , 

where  <r  is  the  radiation  electroconductivity;  e  is  the  elementary  charge; 
n  is  the  carrier  concentration;  and  f<.  is  their  mobility. 

ThiB  relationship  applies  to  the  electronic  as  well  as  the  electronic 

component  of  electroconductivity,  which  are  superimposed  on  each  other. 

lhe  value  of  <3*  as  a  function  of  radiation  dose  has  the  form  of  a 
r 

saturation  curve  and  its  established  value  is  proportional  to  the  radia¬ 
tion  intensity. 

The  second  kind  —  post-radiation  electroconductivity  —  is  observed 
for  some  time  after  radiation  has  halted  and  is  produced  by  carriers  fall¬ 
ing  into  potential  wells  that  are  not  deep  enough.  Hie  time  dependence 
of  current  usually  has  a  "declining"  characteristic,  which  is  associated 
with  a  decrease  with  time  of  the  number  of  charges  freed.  The  experimental 
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temperature  strongly  affects  electroconductivity  here,  since  on  the  temper¬ 
ature  depends  the  stability  of  electronic  and  hole  centers.  As  the  measure¬ 
ment  temperature  is  raised,  we  can  observe  heat-stimulated  electroconducti¬ 
vity,  which  —  in  contrast  to  the  earlier-discussed  discharge  effect  on 
exposure  to  an  internal  field  induoed  by  irradiation  —  is  manifested 
only  when  a  voltage  of  high  enough  value  is  repeatedly  applied  to  the 
irradiated  dielectric. 

Post-radiation  conductivity  also  has  the  nature  of  a  saturation 
curve,  whose  value  is  proportional  to  the  measurement  temperature.  For 
example,  it  is  7  •  10-10,  25  •  10"10,  and  90  •  10_10  a,  respectively,  for 
UgO  crystals  irradiated  with  electrons  at  temperatures  of  338>  396,  and 
376o  K.  The  post-radiation  conductivity  is  usually  several  orders  of 
magnitude  smaller  than  the  radiation  conductivity  [18]. 

Changes  ii.  the  electroconductivity  induced  by  radiation  and,  in 
particular,  the  heat-stimulated  conductivity  are  proportional  to  the 
intensity  of  the  radiation  dose,  which  haB  been  noted  in  samples  of 
lukalox  irradiated  with  equal  doses  at  rates  of  3  *  106  and  5  *  108  r/hr 
[19].  It  must  be  noted  that  during  measurement  of  the  heat-stimulated 
conductivity  radiation  damage  undergoes  annealing  and  in  the  area  of 
1000O  K  the  curves  of  irradiated  samples  coincide  with  the  curves  of 
unirradiated  samples  [19]. 

In  our  experiments  measuring  heat-stimulated  electroconductivily  of 
quartz  glasses  of  different  grades  (KI  and  KV)  irradiated  with  x-rays, 
we  simultaneously  recorded  the  thermolumineacence  of  the  samples,  The 
radiation  temperature  was  100-105°  K,  After  two-hour  irradiation  at  the 
regime  50  l*v  and  10  ma,  a  voltage  of  450  v  was  brought  to  the  samples 
and  they  were  simultaneously  heated  at  the  rate  of  0.1  deg/sec.  Kxperi- 
mental  results  (Fig.  63)  allow  us  to  note  that  the  spikes  of  heat- 
stimulated  luminescence  (HSL)  correspond  to  the  spikes  of  heat-stimulated 
current  (HSC).  A  rise  in  HSC  in  the  temperature  region  near  300°  K  and 
above  is  associated  with  the  intensified  ionic  conductivity  of  the  glass, 
while  the  low-temperature  section  of  the  HOC  curve  is  determined  mainly 
by  electronic  processes.  Thus,  we  can  assume  that  the  liberation  of 
electrical  charges  captured  by  traps,  induced  by  the  temperature  rise, 
and  their  passage  into  the  conductivity  zone  account  for  the  current  in 
the  sample . 

Also  capable  of  leading  to  higher  electroconductivity  following 
irradiation  are  processes  which  result  in  the  formation  of  impurities 
that  serve  as  charge  carriers.  For  these  processes  to  occur,  enough 
of  these  impurities  must  form  as  the  result  of  nuclear  transforma¬ 

tions.  Thus,  Budnikov  et  al,  [20]  maintains  that  the  rise  in  the  elec- 
troconduotivity  of  clean  polycrystalline  corundum  in  alternating  current 
at  a  frequency  of  105  Hz  induced  by  react  .•  irradiation  is  due  to  the 
initiation  of  donor  levels  at  the  sites  „j.*  nuclear  transformations  Al27 
(n,  p)  5i^8,  This  also  gives  rise  to  charges  responsible  for  persistent 
changes  in  electroconductivity. 
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Fig.  63.  Thermal  luminescence 
1  and  heat-s timulated  electric 
conductivity  2  of  quartz  glasses 
XI  and  KV  irradiated  at  100°  X 
with  x-rays  ,, 

KEY»  A  —  Current,  I  •  10  , 

in  amperes 
B  —  KV 
C  —  XI 

D  —  Temperature  in  0  X 
£  —  Luminescence  intensity 
in  relative  units 


TABLE  21.  SPECIFIC  BULK  RESISTANCE  OF  CERTAIN 
GLASSES  IRRADIATED  IN  A  REACTOR 
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Tee  effects  of  change  in  electroconductiviiy  noted  are  small,  and 
the  current  has  the  same  order  of  magnitude  as  the  discharge  current 
caused  by  induction  of  the  body  chai'ge .  For  example,  borosilicate  glass 
irradiated  with  gamma-rays ,  in  the  initial  state  yielding  a  current  of 
2.8  *  10" 1 2  a  for  a  voltage  of  22. t>  v,  after  being  irradiated  with  10^  r/hr 
yields  a  current  2.2  •  lO"1"  a.  Irradiation  of  sheet  sodium  calcium  sili¬ 
cate  glass  shows  virtually  no  cnange  in  its  resistance  [2l].  At  the  same 
time  samples  of  irradiated  glasses  become  current  sources  in  a  circuit, 
resulting  from  polarization  of  the  bulk  charge,  ana  tne  absence  of  external 
voltage.  Thus,  this  irradiated  borosilicate  glass  sample  was  de-excited 
in  a  circuit  with  a  current  of  3»4  *  10"1’'  a  [2i], 

When  two  multicomponent  glasses  were  irradiated  in  a  reactor  at  a 
beam  strength  of  10  >3  neutrons/cm^  •  sec,  tl*e  following  results  were  re¬ 
corded  [22]  (Table  27). 

It  does  not  appear  possible  to  arrive  at  any  correlation  between 
resistance  change  and  dose. 

Paymal  in  his  work  [23]  on  changes  in  the  properties  ana  structure' 
of  multicomponent  glasses  when  exposed  to  the  reactions  (n,oc)  caused  by 
thermal  neutrons,  associates  the  effect  of  changes  in  the  oloctroconducti- 
vity  and  dielectric  characteristics  with  specific  damage  under  the  effect 
of  heavy  charged  particles.  At  small  radiation  reactor  doses,  changes  in 
electrical  properties  are  associated  with  the  so-called  "thermal  effect" 
which  results  in  changes  in  the  depths  of  potential  wells  immouilizing 
the  position  of  alkali  cations  in  the  tracks  of  charged  particles  formed 
in  the  nuclear  reactions.  As  a  result  of  this  effect,  the  electrical 
resistance  of  Pyrex,  lead,  and  borosilicate  glasses  is  lowered  by  more 
than  Lj0  percent  for  radiation  doses  of  about  2  ♦  lOl'/.-neutrons/cm^, 

This  phenomenon  is  analogous  to  the  moderate /hardening  of  glasses. 

If  prehardened  glass  whose  initial  resistance  was  below  that  of  annealed 
glass  undergoes  irradiation  in  a  reactor,  some .rise  in  resistance  is 
observed.  Thus,  both  hardened  and  annealed  glasses  acquire  approximately 
identical  electrical  resistance  values  following  irradiation.  These 
effects  are  removed  by  annealing  at  relatively  low  temperatures  las  low 
as  770°  X). 

/ 

In  the  studies  by  iihrenberg  et  al7,  [24],  it  was  shown  that  the  current 
recorded  for  large  number  of  glasses  irradiated  with  cathode  and  gamma- 
rays  does  not  exceed  10“** 1  a  at  vol'tages  up  to  $00  v.  At  the  same  time 
Belyavskaya  [25]  reported  that  the  emf  induced  in  sodium  silicate  glass 
(20  percent  Na?0)  by  gamma -irradiation  yields  a  current  of  10"9  -  10"7  a, 

where  the  current  is  stabilized  in  the  region  of  large  applied  stresses 
(approximate. y  1-2  kv).  Samples  of  quartz  glasses  of  different  grades 
yield  current  values  up  to  10"7  as  a  function  of  radiation  dose  inten¬ 
sity  for  a  voltage  of  2000  v  [26].  Current  values  for  different  graaos 
of  quartz  glass  differ  by  two  orders  of  magnitude  [26],  end  the  presence 
of  impurities  of  metal  oxides  lowers  the  induced  conductivity  [d'/J,  This 
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relationship  has  also  been  noUu  by  Belyavskaya  [25]:  pure  grades  of 
quartz  glass  change  electroconductivity  to  a  greater  extent.  But  the 
presence  of  hydroxyl  ions  in  quartz  glass  intensifies  the  effect  of  irra¬ 
diation  on  the  electroconductivity. 

This  dependence  of  radiation  stability  on  chemical  composition  is 
caused  by  the  phenomena  of  the  initiation  and  breakdown  of  electron  and 
hole  (japture  centers.  The  presence  of  additives  affecting  radiation- 
optical  stability  alters  not  only  the  heat-stimulated  current,  but  also 
its  direction.  P or  example,  in  glasses  containing  cerium  oxide  additive, 
when  heat-stimulated  electroconductivity  was  measured  atfirst  a  current 
opposite  to  the  applied  voltage  was  present.  When  the  temperature  was 
raised  it  was  increased  and  after  passing  through  a  maximum  drop  to  zero, 
after  which  it  took  on  the  opposite  direction.  At  350-370°  K  the  tempera¬ 
ture  dependence  curves  of  the  current  approximate  the  curveB  recorded  for 
unirraUiated  glasses.  As  the  Ce02  content  was  increased  the  reverse  current 

spikes  were  stronger.  At  the  same  time,  electroconductivity  for  irradiated 
glasses  not  containing  CeO ,  varied  according  to  the  cubic  parabola  as  a 
function  of  temperature  [id].  The  temperature  at  which  the  reverse  current 
has  a  maximum  and  the  area  bounded  by  the  reverse-current  curve  and  the 
temperature  axis  depend  on  the  total  value  of  the  discharge  current. 

Potakhova  [27]  indicates  that  gamma-irradiation  leads  only  to  an 
increase  in  the  current  established  after  glassy  silica  no  longer  is 
irradiated.  At  the  same  time  the  irradiation  of  monocrystalline  quartz 
produces  not  only  an  increase  in  the  absolute  current,  but  also  a  rise 
in  the  time  needed  for  it  to  reach  its  steady-state  value. 

Vre  chemical  composition  of  glass  has  a  marked  effect  on  changes  in 
ele „ i.ro conductivity.  Irradiating  lead  protective  glass  with  a  dose  of 
105  -  107  r  [20]  is  accompanied  by  an  increase  in  its  resistance,  while 
it  ia  reduced  in  moderate -density  glasses. 

Semiconductor  glasses  of  the  system  U^O^-P^O^  are  resistant  to  gamma- 

irradiation  with  a  dose  up  to  '08  r  and  to  neutron  irradiation  —  with 
a  dose  up  to  4  *  10"'7  neutrons/cm^.  With  increase  in  radiation  dose 
specific  conductivity  begins  to  rise,  producing  a  10  percent  increment 

[29]. 

J.  Effect  of  Radiation  on  the  Dielectric  Properties  of  Materials 

When  an  irradiated  dielectric  interacts  with  a  variable  electrical 
field,  just  as  in  processes  of  electroconductivity,  we  oust  differentiate 
phenomena  occurring  directly  during  the  irradiation  period  from  residual 
radiation  effects.  The  extent  of  their  interaction  cannot  be  predicted 
in  advance,  therefore  the  absence  of  changes  in  the  dielectric  charac¬ 
teristics  following  irradiation  still  does  not  indicate  that  the  para¬ 
meters  are  stable  and  prov  doc  tin  grounds  for  recommending  the  use  of 
the  wo  1  o  urA'j  r  irr-'iifi 


Dielectric  losses  and  depolarization  oi’  charges  depend  on  the  packing 
density  of  structural  elements,  that  is,  on  how  compactly  the  minimum 
potential  energy  sites  are  filled  and  how  deep  the  minima  are.  Litructura] 
distortions  arising  owing  to  irradiation  can  lead  to  some  energy  nonidentity 
of  particular  regions  of  a  solid,  thereby  causing  supplementary  polariza¬ 
tion  of  electrical  charges.  Conditions  for  the  movement  of  weakly  bound 
ions  in  restricted  volumes  are  produced  in  a  distorted  lattice,  which  gives 
rise  to  dielectric  losses.  Since  dielectric  polarization  and  dielectric 
losses,  depending  on  the  frequency  of  the  fie la  ana  the  temperature,  proceed 
via  a  different  mechanism, and  naturally  different  radiation  damage  manifests 
itself  in  any  particular  temperature-frequency  range* 

The  formation  of  electrons  and  holes  leads  to  the  appearance  in  an 
irradiated  dielectric  of  new  electrical  transitions  often  with  extremely 
low  energies  of  activation,  which  produces  soue  increase  in  dielectric 
losses.  This  phenomenon  was  noted  by  Stevels  [30]  who  measured  dielectric 
losses  of  monocryetalline  quartz  irradiated  with  electrons  and  x-rays,  at 
a  frequency  of  32  krz  in  the  low  temperature  range.  No  increase  in  dielec¬ 
tric  losses  occurred  in  quartz  gj.sss  and  multicomponent  glasses,  in  spite 
of  the  formation  of  color  centers. 

Comparison  of  radiation  changes  in  dielectric  properties  of  quartz 
and  quartz  glass  enables  us  to  trace  the  effect  that  the  structure  of  a 
material  has  on  its  radiation  resistance.  Measurements  made  directly  during 
x-ray  irradiation  showed  that  the  rise  in  the  dielectric  lose  angle  for 
monocryatalline  quartz  ia  much  greater  than  for  the  monocrystai  or  for 
quartz  glass  [31j.  The  increment  becomes  greater  as  the  frequency  is 
reduced  (Table  28). 

The  frequency  dependence  of  changes  found  enables  ub  to  relate  them 
to  the  increase  in  the  electroconductivity  after  irradiation.  The  dissimilar 
increase  in  conductivity  for  equal  amounts  of  freed  photoelectrons  in 
fused  and  in  monoorystalline  quartz  can  be  accounted  for  by  the  different 
conditions  under  which  the  current  carriers  move .  The  length  of  the  free 
path  of  carriers  becomes  less  as  we  go  from  monocrystalline  to  polycrystal¬ 
line  and  amorphous  states  [32].  This  function  was  observed  also  for  gamma- 
irradiation  [27])  here  it  was  noted  that  change  in  the  dielectric  proper¬ 
ties  of  natural  quartz  contaminated  with  impurities  is  much  weaker  than  in 
pure  synthetic  quartz,  (quartz  glass  at  these  frequencies  remains  virtually 
stable  after  irradiation. 

The  change  in  dielectric  permeability  of  monocrystalline  quartz  that 
results  in  higher  capacitance  of  a  sample  during  its  exposure  to  gamma- 
irradiation  indicates  the  manifestation  under  these  conditions  of  a  supple¬ 
mentary  polarization  process,  which  may  be,  according  to  [27],.  the  polariza¬ 
tion  of  Compton  or  photoelectrono  captured  by  traps,  chesney  and  Johnson 
[33]  stated  that  changes  in  the  dielectric  properties  of  quartz  glass 
subject  to  reactor  irradiation  are  unrelated  to  the  initiation  of  color 
centers.  Otherwise  saturation  would  be  observed  in  the  region  of  lO1^ 
neutruna/oiTi  ,  which  corresponds  to  saturation  oi  the  optical  absorption 


148  - 


TABLE  28.  DIELECTRICAL  LOSSES  0?  FUSED  SILICA 
AND  MONOCRYSTALLINE  QUARTZ 
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TABLE  29.  CHANGES  IN  DIELECTRICAL  PROPERTIES 
AND  DENSITY  OF  QUARTZ  GLASS  AFTER  REACTOR 
IRRADIATION  [33] 
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TABLE  30.  CHANGE  IN  DIELECTRICAL  PROPERTIES 
OF  ALPHA- CORUNDUM  RESULTING  FROM  REACTOR 
IRRADIATION 
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band.  The  authors  of  the  work  [34]  relate  the  rise  in  dielectric  loaner* 
at  a  frequency  of  1  Mil?,  to  the  inception  of  oxygen  and  other  vacancies. 

As  follows  from  Table  29  [33]  (  change  in  dielectric  properties  is  not 
related  to  change  in  the  density  of  quartz  glass,  which  was  mentioned 
earlier  by  Zubov  and  Grishin  [34]* 

The  above-noted  frequency  dependence  of  dielectric  properties  results 
in  fused  silica  proving  to  be  insensitive  to  neutron  irradiation  in  the 
IJHF  range  [35]. 

As  for  dielectric  losses,  corundum  is  less  sensitive  to  irradiation 
compared  with  quartz.  Still,  its  dielectric  permeability  at  10°  Hz  varies 
within  the  limits  10  percent  (Table  30,  [33]). 

21  2 

Very  high  integral  beams  of  thermal  neutrons  (10  neutrons/cm  and 
higher)  have  a  very  appreciable  effect  on  the  dielectric  properties  of 
corundum.  These  radiation  defects  are  persistent  and  are  not  annealed  at 
elevated  temperatures  [20]. 

Paymal  [23],  conducting  an  extensive  study  of  several  glasses  subject 
to  irradiation  in  a  reactor,  derived  the  dose  function  of  changes  in  their 
dielectric  properties.  Here  he  noted  an  appreciable  rise  in  losses  in  the 
UHF  range  for  relatively  small  radiation  doses  (Fig.  64),  while  changes 
in  dielectric  permeability  for  the  same  do3es  do  not  exceed  1  percent  for 
Ityrex  and  somewhat  higher  (up  to  1.5  percent)  for  lead  glass. 

Restoration  of  certain  properties  takes  place  after  heating  to  770°  K, 
that  is,  in  the  annealing  temperature  range.  Here  dielectric  losses  of 
irradiated  glasses  increase  markedly  at  the  beginning  heat  treatment,  but 
then  drop  down  to  their  initial  values. 

The  reason  for  the  changes  in  dielectric  properties  upon  reactor 
irradiation  is  held  by  Paymal  to  be  the  inception  of  "hot  zone", that  is, 
regions  with  excited  state  in  which  potential  wells  containing  alkali 
cations  are  modified.  Still  there  are  reports  that  dielectric  properties 
of  glass  condensers  subject  to  reactor  irradiation  at  a  dose  of  IQ'®  neu- 
trons/cm^  are  stable  [36]. 

Our  Investigation  [37]  of  dielectric  properties  of  reactor-irradiated 
pyroceramics,  in  particular,  two  lithium  aluminum  silicate,  aluminum  manga¬ 
nese,  and  aluminum  borosilicate  pyroceramics,  conformed  to  the  dependence 
found  by  Paymal :  change  in  dielectric  properties  of  the  first  three  pyro- 
ceramicn  in  the  range  10'  -  10*7  Hz  is  strongly  manifested  at  weak  radiation 
doses.  The  absence  of  any  appreciable  changes  in  the  dielectric  properties 
of  aluminum  borosilicate  pyroceram.ic  is  explained  by  the  absence  of  alkali 
cations  in  its  composition.  Changes  caused  by  irradiation  are  reversible 
and  are  eliminated  with  annealing. 

The  stability  of  dielectric  properties  of  ceramic  materials  depends 
on  the  chemical  composition  and  the  properties,  of  the  ceramic.  There  are 


Fig.  64.  Change  in  dielectrical  losses 
of  Pyrex  1  and  lead  2  glasses  at  a 
frequency  of  9000  MHz  as  a  function  of 
radiation  dose 

KEY:  A  —  Relative  change,  tg  S  in  %  „ 

B  —  Radiation  dose  in  10^7  neutrons/cm 


reports  that  no  changes  in  capacitance  of  ceramic  condensers  occur  after 
irradiation  with  a  dose  of  10°  neutrons/cm^  [30].  At  the  same  time,  gamma- 
irradiation  of  B-'  ceramic  with  doses  upwards  of  10&  r  noticeably  modifies 
its  dielectric  properties;  relaxation  losses  become  less,  but  conductivity 
losses  mount  [39]-  After  irradiation  with  decelerating  gamma-rays  from  a 
betatron  at  a  dose  of  4.8  •  104  r,  rne  dielectric  properties  of  B-10  ceramic 
were  unchanged  [39].  Irradiation  of  ferroceramico  in  a  reactor  with  doses 
up  to  1017  -  10'9  neutrons/cm2  led  to  an  appreciable  change  in  the  dielec¬ 
tric  loss  angle,  and  in  some  materials  —  even  to  the  appearance  of  a 
relaxation  maximum  on  the  frequency  function  curve  [40]. 

Extended  (three  months'  long)  irradiation  of  barium  titanate  in  a 
reactor  caused  the  ferroelectrical  properties  to  disappear;  dielectric 
permeability  was  reduced  by  a  factor  of  2.  The  authors  of  this  study  [41] 
maintained  that  the  noticeable  change  in  the  properties  of  the  ceramic 
associated  with  structural  disruption  is  possible  only  for  neutron  irra¬ 
diation.  For  gamma-irradiation  with  doses  upwards  of  10“  r,  the  change 
in  the  dielectric  properties  in  a  weak  field  is  caused  by  the  formation  of 
color  centers  in  the  glass  phase.  This  produces  some  reduction  in  relaxa¬ 
tion  losses  and  an  increase  in  conductivity  losses.  In  the  range  of  strong 
fields  (2  kv/cm).  at  the  time  of  gamma -irradiation  even  a  small  dose  — 
approximately  l64  r  —  leads  to  an  abrupt  rise  in  dielectric  permeability 
and  losses  owing  to  gaB  ionizing  in  the  porea  of  the  ceramic. 

The  relationship  of  changes  in  dielectric  properties  and  the  formation 
of  color  centers  is  emphasized  in  the  work  [42] ,  where  correspondence  of 
the  spikes  of  the  temperature  dependence  of  dielectric  losses  at  500  kHz 
and  thermal  luminescence  of  the  titanates  of  magnesium  and  strontium  irra¬ 
diated  with  x-rays  was  discovered.  On  attaining  the  temperature  of  the 
thez’mal  luminescence  spike,  the  pattern  of  the  temperature  dependence  of 
dielectric  losses  agrees  with  the  pattern  of  this  function  for  the  unirra¬ 
diated  sample. 
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Chan.'-e  in  the  radiation  dose  intensity  affects  the  ,  esults  of  measure¬ 
ments  made  of  dielectric  properties  immediately  during  irradiation.  Thus, 
a  dose  intensity  of  400  r/min,  when  muscovite  and  phlcgotite  were  irradiated 
in  a  betatron,  caused  no  changes  in  the  temperature  dependence  of  dielectric 
losses.  Raisin,-;  the  dose  intensity  to  1000  r/min  for  the  same  radiation 
doses  {5  •  104  r)  leads  to  the  shape  of  the  curve  being  modified.  Riese 
changes  become  greater  as  the  frequency  is  lowered,  and  tg  $  and  t  of 
irradiated  micas  are  lower  in  the  low- temperature  region  than  initial  values, 
and  vice  versa  —  in  the  high -temperature  region  [41 J. 
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CHAPTER  TEN 

EFFECT  OF  RADIATION  ON  THE  STRUCTURE  OF 
MATERIAL 


Change  in  Phase  Composition  of  Materials  When  Irradiated 

Phase  and  structural  changes  in  glasses,  pyroceramic,  and  ceramic 
materials  induced  by  nuclear  radiation  depend  essentially  on  the  kina  of 
radiation  exposure  and  the  nature  of  the  material  irradiated.  In  spite  of 
quite  a  large  number  of  experimental  data,  thus  far  there  is  no  clear 
answer  to  all  problems  of  the  relationship  between  the  radiation  stability 
of  materials  and  their  structure.  Several  experiments  inaioate  that  the 
radiation  stability  depends  on  the  type  of  bonding,  density  of  packing, 
and  type  of  crystalline  structure  of  the  irradiated  material  [l].  In  ionic 
structures,  owing  to  the  symmetric  electrostatic  bonds  between  particles, 
change  in  the  mutual  arrangement  of  the  latter  do  not  lead  to  bond  rupture, 
but  diffusion  and  annihilation  of  defects  are  facilitated.  Confirmation 
of  this  kind  of  "crystallochemical"  concept  is  the  fact  that  as  the  ionicity 
of  bonding  is  reduced,  resistance  to  fast  neutrons  decreases  in  the  series 
Be-0;  Al-O;  Zr-Oj  and  Si-Q  [2].  It  has  been  noted  that  more  compact  and 
symmetric  structures  have  higher  radiation  stability. 


In  contrast  to  quartz,  coeoite,  for  example,  with  a  density  of  ~~ 
5.01  g/cnK,  does, not  change  its  structure  at  a  radiation  dose  of  2  •  1C> 
neutrons/cm^  [5].  Irradiating  anisotropic  crystals  io  accompanied  by 
anisotropic  changes  in  their  crystal  lattice,  which  makes  structural 
disruptions  more  extensive,  A  large  number  of  displacements  leading  to 
the  distortion  mainly  of  one  of  the  cell  parameters  caused  the  amorphiza- 
tion  of  beryllium,  topaz,  and  zircon  wher.  irradiated  with  a  beam  of 
6  •  1020  neutrons/cm?  [4],  One  feature  of  phase  transitions  under  the 
effect  of  nuclear  radiation  (mainly  reactor)  is  the  formation  of  more 
symmetric  structures.  Monoclinic  zirconium  dioxide,  when  subject  to 
neutron  irradiation  at  a  dose  of  3.6  *  '’0^  neutrons/cm^,  changes  into 


the  cubic  modification,  whose  temperature  field  of  stability  lies  above 
2170°  K.  In  the  presence  of  a  small  amount  of  impurities  stabilizing  the 
cubic  phase  (V,  Cr,  Ta,  and  so  on),  transformation  occurs  under  conditions 
of  moderate  irradiation.  The  cubic  structure  parameter  is  noticeably 
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larger  than  in  ordinary  stabilized  zircon.  Tetragonal  crystals  of  the 
titanates  of  beryllium  and  lead,  and  also  potassium  niobate  undergo  a 
transformation  as  the  result  of  irradiation,  initially  leading  to  change 
in  cell  parameters,  bur,  then  also  to  total  transition  to  the  high-tempera¬ 
ture  cubic  structure  [4]. 

According  to  the  crystallochemical  concept,  phase  transformation  is 
possible  only  when  it  takes  place  via  displacements  of  atoms  under  the 
effect  of  radiation  and  does  not  require  the  fundamental  rearrangement  of 
atoms  [5].  Modification  transitions  occur  through  the  accumulation  of 
ordered  displacements  associated  with  the  initial  and  terminal  positions 
of  atoms.  Based  on  similar  views,  we  can  explain  the  phase  transformations 
of  quartz  observed  after  neutron  irradiation  [6], 

By  comparing  changes  in  the  crystalline  structure  of  several  oxides, 
carbonates,  and  titanates  after  irradiation  with  a  beam  of  fast  neutrons, 
2.8  •  101'  neutrons/cm2  at  353°  K,  with  structural  changes  upon  heat  treat¬ 
ment,  Hauser  and  Schenk  [7]  concluded  that  it  is  the  displacements  that 
have  the  determining  role,  and  not  the  thermal  effects  of  irradiation. 

At  the  same  time  it  was  noted  that  in  the  presence  of  even  a  small  amount 
of  impurities  fissioning  upon  irradiation  with  the  release  of  quite  large 
quantity  of  energy,  the  crystalline  structure  of  certain  materials  begin 
to  undergo  changes  at  lower  radiation  doses.  The  structure  of  tourmaline  2 
NaMg^Bj  •  SigO^yCOH)  becomes  amorphous  at  a  dose  of  7*3  •  '>019  neutrons/cn 

owing  to  a  nuclear  reaction  at  the  B10  isotope.  The  nuclear  reaction 
products  dissipate  significant  ener®r  at  short  distances,  which  leads  to 
phase  transitions  in  the  region  of  thermal  spikes  [4].  Possibly,  the 
transition  of  monoclinic  baddeleite  into  the  cubic  form  ia  related  to  the 
presence  of  a  small  amount  of  uranium  that  iB  an  accessory  element  to 
zirconium  [4]. 

In  contrast  to  the  concepts  emphasizing  the  role  of  the  initial  struc¬ 
ture  and  the  crystallographic  ratio  between  it  and  the  induced  phase  in 
the  manifestation  of  radiation  stability  of  a  material,  at  present  in¬ 
creasing  confirmation  is  being  found  for  views  stating  that  the  stability 
of  a  structure  determined  only  by  the  presence  in  it  of  metastable  high- 
temperature  phases  and  by  the  possibility  of  the  transition  to  their 
stability  region  under  radiation  condition  This  kind  of  "thermodynamic" 
concept  was  advanced  by  Prinak  based  on  study  of  phase  and  structural 
changes  in  large  number  of  crystalline  materials  (beryl >  germanium  dioxide 
germanium,  silicon,  aluminum,  rutile,  fluorite,  periclase,  spinel,  diamond, 
carborundum,  chrysoberyl,  phenacite,  and  quartz)  [8-9]*  The  cause  of 
phase  transitions  is  to  be  found  in  thermal  spikes,  as  a  result  of  which 
a  temperature  and  pressure  essential  for  transformation  into  the  modifica¬ 
tion  corresponding  to  these  conditions  are  provided  in  certain  bounded 
volumes . 

In  contrast  to  experiments  described  in  the  study  [5],  Elston  [lo], 
based  on  a  study  of  phase  composition  and  structr-1*  crystalline  oxides 

of  aluminum,  magnesium,  beryllium,  silicon,  and  glassy  silica  irradiated 


in  a  reactor  at  333°  K,  showed  that  damage  i3  quite  limited  if  the  struc¬ 
ture  of  the  oxide  is  3table  throughout  the  temperature  range  all  the  way 
up  to  the  melting  point  and  the  sites  of  localization  of  mixed  ions  have 
the  same  coordination  aa  in  normal  ions.  In  contrast,  the  damage  is 
greater  if  new  types  of  crystalline  structure  of  a  given  material  exist 
at  a  high  temperature •  In  this  case  neutron  irradiation  at  353°  K  causes 
the  same  effect  as  a  temperature  rise. 

As  far  as  we  can  see,  both  mechanisms  of  phase  transformations  upon 
irradiation  can  take  place,  however  the  predominance  of  a  particular 
effect  is  determined  by  the  phase  composition  of  the  material  irradiated. 

In  all  cases  of  phase  transformation  under  the  effect  of  thermal 
spikes,  the  high-temperature  phase  is  characterized  by  high  density  (at 
least  the  density  remains  unchanged)  [ll].  The  Clapeyron-Clasiua  equation 
will  serve  aa  a  criterion  for  the  possibility  of  a  phase  transformation  in 
irradiated  materials 

dT/dP  .  (VHT  -  VLT)/S, 

2 

where  T  is  the  temperature  in  0  Kj  p  is  the  pressure  in  dynes/cm  ;  VHa, 

z  Hi 

is  the  molar  volume  of  the  high-temperature  phase  in  car /mole;  V. „  is 

r  Li 

the  molar  volume  of  the  low-temperature  phase  in  car/mole;  and  S  is  the 
entropy  in  cal/deg. 

When  the  high-temperature  phase  is  more  dense,  ^  (dT/dp)  <T 

<  0,  that  is,  the  phase  transformation  temperature  decreases.  Since  the 
pressure  within  the  thermal  or  structural  spike  is  2  •  lO1^  neutronqAn2 
[l2],  the  phase  transformation  temperature  oust  be  reduced  by  several 
hundreds  of  degrees. 

The  study  [13]  indicates  that  the  transition  of  quartz  into  the  high- 
temperature  modification  can  occur  at  473°  K.  Roy  and  Bushmer  [13,  14] 
discovered  a  drop  in  the  alpha-quartz  -*•  beta-quartz  transformation  tem¬ 
perature  from  849  to  838°  K  after  irradiation  with  a  neutron  beam  of  only 
2.4  •  109  neutrons/cm2.  The  transformation  temperature  of  alpha-cristo- 
balite  to  the  beta-form  after  this  irradiation  regime  was  lowered  from 
333  to  415°  K. 

Irradiating  calcium  orthosilicate,  gamma-Ca„SiO . ,  with  a  dose  of 

17  2  ^  *» 

10  neutrons/cm  increase  the  amount  of  the  beta-form,  which  is  denser, 

and  this  transformation  took  place  at  a  temperature  somewhat  below  the 

temperature  in  ordinary  conditions  [13].  A  similar  pattern  is  observed 

in  the  transition  PbO  (lithazge)  —  PbO  (massicot  )  [13]. 

19  2 

A  dose  of  6  •  10  neutrons/cm '  causes  the  transformation  of  quartz 
into  the  high-temperature  modification  [3],  though  more  recent  studies 
3howea  that  the  structure  resulting  from  irradiating  quartz  with  doses 
of  (5-6)  •  10'9  neutrons/cm2  is  not  ordinary  beta-quartz  [15].  Transforma¬ 
tions  of  quartz  into  cristobalite  irradiated  with  a  beam  of  2.4  •  10*4 
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neutrons/cin^  at  temperatures  of  1420-I8OG0  K  has  not  been  observed,  since 
at  temperatures  this  high  the  radiation  damage  is  annealed  [14]. 

Results  found  by  Roy  and  Buhsmer  in  the  transformation  of  irradiated 
quartz  to  coecite  and  of  irradiated  coecite  into  quartz  [15],  and  also 
in  the  crystallization  of  irradiated  quartz  glass  in  a  field  of  quartz 
and  coecite  showed  that  due  to  the  initiation  of  a  special  structural 
state  upon  irradiation,  all  phase  transitions  become  facilitated,  and  the 
increase  in  the  rates  of  transformations  demonstrates  the  analogy  be  ween 
the  effect  of  neutron  bombardment  and  the  effect  of  increasing  the  tempera¬ 
ture.  A  dose  of  2  .  1C>20  neutrons/cm2  causes  devitrification  of  quartz 
glass,  with  the  segregation  of  Pb02  [16]. 

Phase  transitions  and  structural  changes  induced  by  neutron  irradia¬ 
tion  of  several  silica  modifications  have  been  studied  in  close  detail  at 
the  present  time.  Based  on  the  work  [12],  three  stages  of  radiation 
damage  to  the  silica  structure  are  differentiated! 

1)  the  appearance  of  point  defects  leading  to  weakening  and  rupture 
of  Si-0  bonds  and  to  change  in  the  near  order  of  tetrahedra; 

2)  conversion  of  alpha-quartz  into  the  high-temperature  (or  a  similar) 
modification j  and 

3)  amorphization  with  the  preservation  of  some  symmetry  of  the  host 
crystalline  matrix. 


Structural  damage  in  the  first  st-age  of  irradiation,  in  the  view  of 
some  authors  [ 1 7 3 >  amounts  to  a  change  in  the  Si-O-Si  bonding  angle.  In 
the  view  of  others  [18],  the  change  in  the  bonding  angle  between  tetrahedra 
is  impossible  without  change  in  the  Si-0  distance.  Displaced  silica  atoms 
are  mainly  oxygen  atoms,  on  advancing  into  a  small  volume,  cause  a  cascade 
process  —  a  displacement  spike  or  a  thermal  spike.  This  leads  to  the 
temperature  in  this  region  being  raised  to  2770°  K  during  a  period  of 
about  10“12  sec  [19].  Thus,  even  at  early  stages  of  irradiation  thermal 
processes  and  related  modification  transformations  in  thermal  spikes 
begin  to  come  into  play.  Phase  transitions  at  the  second  stage  of  irra¬ 
diation  (doses  of  1019  -  IQ^O  neutrons/cm^)  were  discussed  above. 

At  high  doses  (more  than  10  neutrons/cm  ),  crystalline  modifications 
of  silica  are  observed  to  become  a morph i zed.  Initially  small  amorphous 
zones,  about  2  nanometers  in  size,  appear  [20].  At:  the  radiation  dose  is 
intensified,  the  number  and  dimensions  of  the  amorphous  zones  rise  (their 
diameters  are  8,  '2,  ana  2*  nanometers  and  more  and  the  volumes  occupied 
by  the  zones  are  0.8,  4,and  9.3  percent  of  the  total  irradiated  volume 
at  doses  of  lO^,  6  -  1Q;9,  and  8  •  10^9  neutrons/cm^  [21]).  When  the 
dose «  are  stronger  than  b  •  10^9  neutrons/om2,  these  domains  begin  to 
interact,  and  stable  hexagonal  defects  observed  in  an  electron  microscope 
are  formed.  The  concentration  and  orientation  of  these  defects,  in  the 
view  of  the  author  of  [22]  indicate  the  possibility  of  structural  rearrange¬ 
ments  taking  place  simultaneously  according  to  the  mechanism  of  displacements 
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and  thermal  spikes.  A  dose  of  2  •  1020  neutrons/ cm2  transforms  crystal¬ 
line  quart",  into  the  isotropic  form  with  the  symmetry  of  the  high-tempera- 
tu re  modification  [25].  Irradiating  rods  of  sintered  quartz  glass  con¬ 
taining  some  cristobalite,  with  a  dose  of  4  •  10^0  ne'ttrons/cm^  causes 
cristobalite  to  become  amorphized  [24]. 

Thus,  all  known  experimental  facts  showed  that  formation  of  submicro- 
scopic  amorphized  domains  accompanied  by  change  in  the  surrounding  crystal 
lattice  is  the  dominant  type  of  process  causing  phase  changes  in  irradiated 
quartz  and  its  modifications. 

The  source  of  thermal  spikes  in  which  mainly  structural  and  phase 
changes  are  localized  are  tne  heavy  particles,  either  bombarding  the  target 
from  without  or  else  formed  through  reactions  of  nuclei  with  neutrons. 

The  thermal  spike  in  this  case  is  a  particle  track,  that  is,  a  section  of 
the  material  lying  along  the  particle’s  trajectory.  The  modified  struc¬ 
ture  of  the  material  in  the  tracks  enables  the  tracks  to  be  manifested 
after  etching,  and  then  to  be  observed  in  an  electron  and  even  in  an 
optical  microscope  [25].  Track  diameter  and  length  depend  on  the  kind  of 
bombarding  particles  and  the  energy  dissipated  per  unit  path  length.  Light 
nuclei  of  hydrogen  and  helium  do  not  produce  tracks  in  minerals  [26], 
Lithium  nuclei,  when  releasing  energy  of  about  1000  ev/nanometer,  produced 
detectable  tracks  in  certain  structures  [27].  The  most  typical  tracks 
are  produced  by  bombardment  with  the  fission  fragments  of  uranium  nuclei 
[27,  28].  In  this  case  observation  in  the  electron  microscope  of  etched 
samples  enables  tracks  with  length  from  fractions  to  several  tens  of 
nanometers  to  be  differentiated. 

There  is  a  well-defined  relationship  between  the  density  of  tracks 
in  a  volume  and  the  degree  of  phase  changes  noted  by  x-ray  diffraction 
patterns  or  in  some  other  manner  [21,  29] •  At  the  same  time,  the  possi¬ 
bility  of  recording  tracks  depends  to  a  greater  extent  on  the  structure 
of  the  material  (uniformity and  grain  size)  and  is  uncorrelated  with  the 
extent  of  phase  changes.  Tracks  are  recorded  more  easily  in  glassy  or 
fine-grained  materials  than  in  coarse-grained  materials.  This  phenomenon, 
and  also  the  fact  that  the  diameter  of  track  observed,  regardless  of  the 
nature  of  the  material  (BeO,  Al^O^,  or  ThO,),  usually  corresponds  to  the 

size  of  the  grain  of  the  irradiated  material  is  associated  with  the 
loss  of  thermal  energy  owing  to  its  dissipation  at  intergrain  or  inter¬ 
phase  boundaries  [jO,  jjl]. 

Naturally,  phase  transformation  are  observed  also  after  bombardment 
with  heavy  particles.  The  difference  between  the  results  of  this  kind 
of  irradiation  lies  in  the  thickness  of  the  degenerate  layer.  These 
phase  changes  are  observed  when  crystalline  quartz  is  irradiated  with 
40  kev  heavy  xenon  ions.  A  dose  of  4  .  lO^  ions/cm2  produces  some  amor- 
phization  in  the  surface  of  quartz,  b>-t  a  dose  of  2  .  10’6  ions/cm2 
results  in  the  inception  of  an  amorphized  layer,  although  differing  in 
x-ray  diffraction  characteristics  from  glassy  SiO^  [j 2],  The  author  of 
[32]  believes  that  anisotropy  of  expansion  and  low  atomic  packing  density 
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are  essential  for  phase  transformations:  irradiating  anisotropic  oxides 
TiO^,  Al20y  and  UjOg  transforms  them  into  the  quasi -amorphous  state  [33]. 

When  the  surface  of  glass  and  ceramic  i3  bombarded  with  Xe,  Kr,  Ar, 
and  Ne  ions  at  different  angles,  it  i3  possible  to  observe  different 
cross-sections  of  ellipuoidal  thermal  spikes,  whose  major  axis  is  oriented 
along  the  ion  track.  The  central  region  of  this  spike  proves  to  be 
depleted  of  mobile  weakly  bounded  ions  (Na,  K,  and  Al),  which  are  injected 
into  the  lattice  at  the  periphery  of  the  spike  [34»  35J*  A  similar, 
though  somewhat  weaker  effect  is  observed  when  glass  is  irradiated  with 
alpha-particles  emitted  by  radon,  each  of  which  releases  about  105  cal/cor 
within  a  track  volume  [}6 J,  corresponding  to  a  temperature  rise  of  the 
order  of  104  deg  during  a  period  of  about  IQ*-11  sec.  Naturally,  chemical 
and  thermal  changes  occurring  in  traps  lead  to  different  chemical  stabi¬ 
lity  of  matrix  and  of  sections  that  have  been  exposed,  which  reveal  the 
nonuniformity  of  radiation  damage  to  material  caused  by  etching  and  the 
subsequent  observation  in  the  microscope  [37]. 


Reactor  irradiation  of  several  refractory  ceramic  material  (the 
ceramics  22KhS,  M-7,  MO-2,  and  uralite)  at  470°  K  with  doses  from  2,2  * 


015  to  1020 
trons/cm2  . 


2  15 

neutrons/cm  at  a  neutron  beam  intensity  of  1,2  •  10  ?  neu- 

sec  and  a  gamma-background  of  1.1  ♦  104  rad/sec  enables  us 


to  conclude  that  these  materials  arc  resistant  to  thiB  exposure.  Changes 
noted  in  the  parameter  of  ti.e  alpha-Ai^O^  lattice  (22Khf!,  M-7)  and  weaken¬ 


ing  of  the  diffraction  maxima  of  anorthite  and  eelsian  (MG-2,  uralite) 
were  very  weak  [*8], 


In  cordierite  ceramic  materials,  the  amount  of  crystalline  phase 
determined  roentgenographically,  decreases  as  the  result  of  reactor 
irradiation  [39],  According  to  [15,  40],  no  changes  were  observed  in 
the  x-ray  diffraction  pattern  of  hot-preseed  and  monocryetalline  aluminum 
oxide  after  being  irradiated  with  integral  beams  of  2  •  I020  neutrons/cm2 
at  305-3 i0°  K.  However,  in  the  study  [41]  an  increase  in  diffusion  scatter¬ 
ing  in  the  Laue  diffraction  pattern  of  coi'undum  irradiated  with  the  beam 
of  5.5  *  iO1 9  noutrons/cm2  at  330°  K  wag  detected!  this  increase  can  be 
eliminated  by  annealing  at  1470°  Z. 


Our  x-ray  diffraction  pattern  study  of  polycryatalline  aluminum 
quart?,  irradiated  in  a  reactor  with  an  integral  beam  up  to  8  •  10^®  neu¬ 
trons/cm2  showed  no  changes  in  phase  composition.  Our  x-ray  diffraction 
pattern,  petrographic,  electron  microscopic,  and  also  dilatometric 
at.udiep  enable  uo  to  find  changes  in  the  phase  composition  of  irradiated 
pyrnocramj.cn  j  if  several  phases  differing  in  crystallization  temperatures 
were  present,  low- temperature  phases  broke  down  and  high-temperature 
phases  became  crystallized.  Breakdown  of  low-temperature  beta— eucryp- 
tite  solid  solutions  occur,  and  to  a  greater  extent  if  the  solutions 
are  in  a  mixture  with  high-temperature  crystal lization  products,  and  if 
an  the  result  of  recrystallization  high-temperature  modifications  and 
cristobalitc*  are  formed.  In  aluminum-magnesium  pyroceraraics  where 
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cristobalite  is  the  low-temperature  phase,  the  cristobalite  content  be¬ 
comes  reduced  after  irradiation.  There  are  no  changes  in  phase  composi¬ 
tion  in  the  borosilicate  pyroceramic  1V-2.J,  whose  crystalline  phase  is 
mullite,  since  higher  temperature  phases  do  not  exist  in  tne  system 
[42-43]. 

As  remarked,  the  radiation  stability  of  crystalline  phases  depends 
on  many  factors;  however  in  the  case  of  pyroceramics  which  in  themselves 
are  mstastable  systems,  evidently  the  stability  of  crystalline  phaoeo 
is  determined  primarily  by  their  stability  at  temperatures  building  up 
in  thermal  spikes  upon  irradiation.  Hence  the  determining  role  of  thermo¬ 
dynamic  stability  of  phaseB  at  the  temperatures  of  radiation  heating  of 
domains  of  the  material  is  confirmed.  The  authors  of  [34]  reached  these 
same  conclusions  based  on  a  study  of  phase  and  structural  changes  in 
glasses  and  ceramics  irradiated  with  ions  of  inert  gases.  Results  of 
this  investigation  afford  the  conclusion  that  the  predominant  role  in 
the  changes  occurring  in  the  structure  of  crystalline  bodieG  at  low  energy 
of  bombarding  particles  is  mainly  that  of  the  relatively  uniformly  dis¬ 
tributed  displacements,  and  the  thermal  spikes  or  displacement  spikeB 
begin  to  play  a  marked  role  as  the  particle  energy  is  increased.  But  in 
amorphous  glasses,  nonuniformity  of  radiation  exposure  determined  by  the 
presence  of  spikes  is  observed  at  all  energies. 

All  the  above-described  phase  transitions  in  various  materials  are 
caused  by  strong  radiation  exposure  to  fast  neutrons  or  nuclear  fragments. 
However,  we  were  able  to  observe  phase  changes,  namely  some  increase  in 
the  quantity  of  crystalline  phase  in  pyroceramica  irradiated  with  gamma- 
radiation  at  doses  of  1  <y  -  10°  r  [44,  45].  Evidently,  this  phenomenon 
is  not  merely  accidentally  noted  in  pyroceramics,  since  a  heterogeneous 
metastable  pyroceramic  system  is  particularly  sensitive,  phasewise,  to 
exposure  of  even  relatively  small  amount  of  energy  in  any  form  —  thermal 
or  radiational.  The  possibility  of  a  glass  crystallizing  when  exposed 
to  gamma-rays  has  been  reported  earlier  [46]  (the  irradiation  of  a  glass 
with  the  composition  BaO  *  •  PbO,  at  a  dose  of  10^  r,  leads  to  de¬ 

vitrification). 


2.  Change  in  Density  and  Volume  of  Materials  When  Irradiated 

Change  in  densi*  e  one  of  the  more  important  indicators  of  radia¬ 
tion  damage  suffered  e  material  (Table  3'1). 

Naturally,  density  changes  are  related  primarily  with  structural 
changes,  in  particular,  with  an  increase  in  cell  parameters;  for  example, 
a  change  in  the  density  of  sapphire  (by  10  percent)  is  associated  with 
a  0.3  percent  increase  in  the  cell  parameter  a,  and  a  O.45  percent  in¬ 
crease  in  the  cell  parameter  0  [40] ,  recorded  by  x-ray  diffraction  pattern. 
The  density  of  alpha-coruncura  irradiated  with  an  integral  beam  of  10^9 
fast  neutrons/cm^  at  310°  K  is  reduced  by  0.1-0,13  percent  [49].  A  de¬ 
crease  in  the  density  ol  sapphire  reaches  saturation  at  lO^'1  neutrons/cm2, 
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TABLE  y..  EFFECT  OF  IRRADIATION  ON  THE  DENSITY 
OF  MATERIALS  [44] 
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KEY:  A  —  Material 

B  —  Bose  in  neutrons/cni 
C  —  Density  of  material  indicated  below, 
in  g/cmJ 
D  —  initial 
E  —  irradiated 
F  —  sapphire 
G  —  Spinel 
H  —  Steatite 
I  —  Quart?,  glass 
J  —  Window  glass 
K  ~  Porcelain 
L  —  Mica 
M  —  Forsterite 

but  after  heating  to  1670°  K  it  is  completely  eliminated.  The  change  in 
cell  parameters  takes  place  at  constant  c/a  ratio  up  to  3  •  10^0  neutrons/cra^, 
and  then  the  c  parameter  begina  to  increase  rapidly.  In  spite  of  the  over¬ 
all  reduction  in  density,  electron-microscopic  study  of  irradiated  sapphire 
reveals  the  presence  of  consolidated  domains  0.15  nanometer  in  diameter, 
who3e  dimensions  increase  with  dose  [50]. 

Of  particular  interest  are  changes  in  the  density  of  crystalline 
quartz  and  quartz  glass.  An  integral  beam  of  7  *  101'  neutrona/cm2  2 
causes  the  density  of  alpha-quartz  to  be  reduced  from  2.65  to  2.49  g/cm  , 
that  is,  by  6  percent  [12].  Increasing  the  integral  beam  up  t.o  1.4  • 

10^0  and  2  *  10^®  neutrons/cm^  leads  to  a  change  in  density  of  13  and 
14.7  percent,  respectively  [51,  32].  At  the  same  time  quartz  glass  be¬ 
comes  consolidated  when  irradiated.  An  integral  beam  of  7  •  10^®  fast 
neutrons/cm^  yields  a  0.3  percent  consolidation  [53]  >  while  a  beam  of 
7  *  IQ1*'  neutrons/cii/  results  in  a  2.5  percent  greater  consolidation  [do]. 

A  0.37  percent  decrease  in  sampling  and  a  1.1  percent  increase  in  density 
was  achieved  for  pressed  glassy  silica  after  irradiation  with  a  beum  of 
2  .  1020  neutrons/ cm2  [54 j*  Saturation  of  density  change.s  in  quartz  glass 
occurred  at  4  •  10^®  neutrons/cm^. 
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The  in.ri'i'asi'  in  t;.e  density  of  quarts  gluon  wh-.-n  irrndj a  tea  doc:;  not 
it-ad  to  crystallization,  eviaonoed  by  the  x-ray  d.i  f fraction  pattern.  Accoru- 
ing  to  m..'  w cry.  j_u-> on  3  k  cnanges  occurring  jo  quart  g.-tas  wnnn  lrradiuv.-n 
in  a  reactor  arc  dun  to  three  proceasen:  nonunif orm  consolidation  on  exposure 
to  fast  neutrons  (to  5  ■  10*9  noutrons/oiir-) ,  homogenization  (up  to  i>  ■  U)^(j 
neutrons/ cm*' ) ,  and  expansion  caused  by  ionisation  effects,  which  are  notice¬ 
able  at  low  doses,  but  then  this  expansion  changes  into  compression . 


Fig.  65.  Change  in  linear 
dimensions  of  quartz  glass 
after  gamma-irradiation. 
Dose  intensity  as  below: 

1  —  6  •  1 05  r/hr 

2  —  2.7  •  1C)5  i/hr 

KDY:  A  —  Relative  change 
in  length 

ii  —  Radiation  dose 

-  ^  c. 

in  r 


Reactor  irradiation  of  quartz  glass  previously  compressed  at  high 
pressure,  as  well  an  x-ray  irradiation,  causes  a  decrease  in  exi  ting  consoli¬ 
dation.  On  thin  basis,  ionization  processes  leading  to  electrostatic  repul¬ 
sion  of  ionized  ions  are  resorted  to  in  explaining  tne  expansion  [56],  that 
is,  change  in  interatomic  distances  and  mutual  arrangement  cf  tetrahedra. 
However,  exposure  of  quartz  glass  to  ionizing  radiation  is  also  accompanied 
by  consolidation,  which  is  dose-dependent,.  An  increase  in  the  density  of 
quartz  glass  of  different  grades  after  exposure  to  electrons,  and  gamra- 
rays  has  been  noted  in  the  study  [57]  •  A  more  complicated  dose  dependence 
of  the  density  of  quartz  giaes  irradiated  win  gamma -radiation  was  obtained 
in  the  work  .56]  (Fig.  65). 

Paymal  et  al.  [55]  investigated  the  change  in  the  density  of  large 
numier  of  glasses  containing  not  less  than  1  percent  B^07 ,  as  a  function  of 

their  chemical  composition  and  the  neutron  radiation  dose.  The  principal 
role  in  the  effects  observed  by  the  authors  are  attributed  to  the  heavy 
particles  initiated  in  the  nuclear  reaction  ^^(n,  he  )Li7,  where  exposure 
to  these  particles  leads  to  two  competing  processes i  an  increase  in  density 
in  the  external  regions  of  the  thermal  spikes,  and  hardening,  accompanied 
by  disintegration  in  the  internal  domains  of  the  thermal  spikes.  The  satura¬ 
tion  dose  for  the  first  process  is  five-ten  times  weaker  than  for  the  second. 
According  to  the  model  advanced,  the  thermal  spike  zone  is  simiiur  to  a  walnut 
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with  a  loose  kernel  and  a  hard  shell.  Depend i ng  on  how  much  volume  is 
occupied  by  the  kernel  or  the  shell,  either  consolidation  or  reduction  in 
the  density  of  glasr  is obnervod  after  irradiation.  The  chemical  composition 
of  the  glass  has  the  same  effect  on  the  consolidation  of  glass  that  ha:,  been 
irradiated,  as  for  glass  exposed  to  high  pressure,  that  is,  the  effect  dimin¬ 
ishes  with  increase  in  alkali  constant  [59 »  60,  6l],  If  prestressed  Pyrex 
is  irradiated,  this  consolidation  will  be  less. 


Obviously,  the  density  changes  accompanied  by  a  change  in  the  volume 
of  the  sample.  Shrinkage  of  a  ftyrex  glass  sample  30  mm  long  when  irradiated 
with  a  dose  of  (7”8)  •  10®  neutrons/cm2  and  an  intensity  of  1  *  IQ1®  neu¬ 
trons/cm2  *  sec  is  2730  nanometers  according  to  the  study  [62],  but  1700 
nanometers  —  at  an  intensity  of  1.9  •  lO1^  neutrons/om2  *  sec  (this  depen¬ 
dence  on  dose  intensity  is  possibly  related  to  the  radiation  heating  of 
the  sample).  More  appreciable  consolidation  (3.3  percent)  is  observed  for 
Vycor  glass  at  a  dose  of  5  *  101®  neutrons/cmO  [59], 


According  to  our  measurements  of  the  density  of  pyroceramics  of  different 
compositions  irradiated  with  doses  of  10I6  -  IQ1?  neutrons/cm2,  the  principal 
effect  of  irradiation  is  an  increase  in  the  density  of  boron-containing 
materials  and  a  reduction  in  the  density  of  nonbor on-containing  materials. 
However,  at  moderate  do3es  (101®  neutrons/cm2) ,  a  change  of  an  opposite 
nature  is  observed .  Gamma-irradiation  with  doses  of  b  *  10fJ  -  109  r  do  not 
cause  detectable  changes  in  density  of  the  same  pyroceramics  ana  of  the 
glasses  K-8,  LK~b,  K-10Q,  window  glass,  and  glass  13  v. 

At  the  same  time,  the  report  [6b]  notes  that  Terex  glass  used  in  mercury 
lamps  (80  percent  3iQp,  13  percent  b,  0, ,  4  percent  Na  0,  1  percent  K,.0,  ana 

2  percent  Al^O;,)  j.s  consolidated  by  6  •  10  g/onr  after  extended  ultraviolet 
irradiation. 


Interferometric  measurements  of  polished  samples  of  polycrystalline 
materials  expanded  after  irradiation  showed  that  depending  on  the  radiation 
dose,  the  irradiated  section  of  the  surface  is  observed  to  rise  over1  the 
unirradiated  surface.  The  height  of  the  protrusion  (in  nanometers)  at  the 
surface  of  certain  materials  irradiated  with  140  kev  protons  and  14O  kev 
helium  nuclei  is  as  follows  [64]; 


sapphire 

1 10 

spinel 

80 

rutile 

60 

peridot 

240 

A  quartz  sample  irradiated  with  100  kev  protons  yield  a  protrusion 
kkO  nanometers  high.  After  glassy  HiO^  was  irradiated,  the  sample  was 

observed  to  be  compressed  by  0.9  percent  in  all  directions  [fab]. 

The  irradiation  of  mono-  and  polycrys tils  of  carborundum,  sapphire , 
stabilized  and  monoc.1  inic  zirconium  oxide,  beiyllium  oxide,  quartz,  copper, 


and  graphite  with  95  Mev  uranium  decay  products  at  integral  beams  up  to 
5  .  lOM  particles/cm2  eaused  a  bulge  in  the  irradiated  surface  toward  the 
radiation  source  side,  an  exception  was  monoc-linic  ZrC^t  whose  surface 

bulged  in  the  opposite  direction  [66],  The  bulge  increased  in  the  series 
MgO-SiO-BeO-gTaphite-Al^O^-ZrO^-earbon-SiC.  Upon  annealing,  this  effect 

disappeared  more  rapidly,  the  higher  the  temperature.  X-ray  diffraction  measure¬ 
ment  of  lattice  parameters  shows  that  the  difference  in  the  relative  expan¬ 
sion  between  the  extreme  members  of  the  series  exceeds  one  order  of  magnitude; 
3till,  toe re  is  no  lattice  breakdown  even  after  the  most  intense  increase  in 
volume  (SiC). 

A  bulge  after  neutron  irradiation  of  Pyrex  plates  protected  on  one 
side  with  a  cadmium  shield  was  observed  by  Paymal  [62],  and  the  bulge  maximum 
occurred  at  a  dose  of  2.5  *  10  '  neutrons/cnr . 

TeoJc  52  gives  the  characteristics  of  the  increase  in  samples  of  hard- 
pressed  jseO  (density  2.96  g/cow1),  ana  monocrystals  of  MgO  and  Al^O^  caused 

by  reactor  irradiation  [67]. 

Yi  oa  Table  52  we  see  that  Be 0  undergoes  particularly  intense  volumetric 
changes.  Thu  causes  of  the  BeO  bulk  expansion  have  been  studied  quite  closely 
at  the  present  time.  At  lower  doses  this  amounts  to  anisotropic  expansion 
of  the  crystal  lattice  producing,  with  increase  in  dose,  cracking  of  the 
sample  and  separation  of  grams  along  the  intergrain  boundaries.  Both  fac¬ 
tors  dominate  for  low-temperature  irradiation.  As  the  raaiation  temperature 
is  /eifeed,  processes  of  coalescence  of  point  defects  begin  to  be  manifeot 
and  vo i/jf;  begin  to  deformed  within  grains,  which  are  filled  with  gases 
formed  in  nuclear  reactions  in  considerable  amount  at  doses  of  approximately 
iQ2G  neutror  o/cn/.  Then  the  gu.xe 3  «,/«•  given  off  from  the  grains  (even  with 
an  explosion/  and  cause  tne  grains  to  split  apart  even  further.  Elston 
[60]  maintains  that  the  volumetric  expansion  of  any  material  can  be  repre¬ 
sented  as  the  sum  of  tr/  partial  cont/ j out ions  of  individual  processes: 

///  :.v/  .  /  a/  .  ;  t,v  ,  t  ak\ 

'■  v  .V  ‘  '■/  u,  '  /  v  .0  : 

where  (  /jV/V)^  is  the  microscopic  reiatu/e  change  in  volume;  MV/V)S  is 

the  relative  change  in  volume  due  to  the  increase  in  to*  /frlemontary  cell 
parameters;  (/\y/V)  is  the  name  as  above,  ov±nf  to  ruptu  «  of  intergrain 

boundaries ;  (/iV/V)^  ia  as  above,  due  to  the  evolution  of  gases;  and 

(A  V/V)„  is  as.  above,  due  to  coalescence  of  defects  arid  the  initiation  of 

voids  and  loops. 

For  Be  0,  (A  ~  /(Aa/a/+  Ac/'.,  and  ii<  re  4c/ c  -vVja/s,  At  low 

temperature:,  and  high  radiation  doses  (  '.(/ '  neutr  ons/osA/ ,  ice  c/a  ratio 

io  cb  high  as  10  i.65  j ,  win  on  Xenon  to  &roux«>p  cf  tne  material  c-.ong  the 
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grain  boundaries  [70].  For  compact  BeO,  an  integral  beam  of  (0.4-,)  *  10 
fast  neutrons/ cm2  is  the  maximum  allowable,  after  which  the  sample  breaks 
down  into  a  powder  [71],  and  the  powder  grain  sine  corresponds  to  the  gram 
size  in  the  initial  material  [72].  Raising  the  radiation  temperature 
reduces  the  expansion  of  the  material  caused  by  an  increase  an  the  lattice 
parameters  [73 J ;  however,  here  gas  evolution  and  coalescence  of  defects 
becomes  stronger  [70].  Still,  the  overall  expansion  of  BeO  at  370  K  and 
an  integral  beam  of  7  *  1020  neutror.s/cm2  reaches  a  value  of  6  percent, 
while  that  870°  and  II7O-127O0  K,  the  overall  expansion  is  6  and  1  percent, 
respectively  [74],  where  20  Percent  of  the  overall  expansion  is  related  to 
the  evolution  of  gaseous  helium.  Defect  cluster  dimensions  also  increase 
with  temperature.  A  dose  of  6.3  *  ld9  -  1.3  •  1021  neutrons/cm-  at  348°  K 
causes  dark  patches  3“7  nanometers  in  diameter  to  be  formed,  observabiein 
an  electron  microscope?  their  size  becomes  30  nanometers  at  77U-970  K  L  f  j  J  * 

High-temperature  irradiation  (1270-2270°  K)  of  BeO  with  doses  of 

*  lO^w  neutrons/cm2  makes  it  possible  to  observe  clusters  of  defects 
in  the  form  of  20-200  nanometer  diameter  of  loops  oriented  in  the  oaBal 
plane  or  in  the  1120  plane,  in  an  electron  microscope  [76 J -  The  same  effect 
of  clustering  of  defects  oriented  in  specific  crystallographic  directions 
is  observed  after  annealing  at  1170-1770°  K  of  BeO  samples  irradiated  at 
low  temperatures  [77].  Coalescence  of  defects  is  observed  also  in  f xlamen- 
tary  BeO  crystals  after  irradiation  at  a  dose  of  10  0  neutrons/ cm  at  .6/0  K 
[78].  Irradiation  of  monocrystalline  BeO  with  1.3  Mev  electrors  at  doses 
0f  (1 ,b-3 )  •  io20  electrons/cm2  causes  a  decrease  in  density  by  (2.6-4/  • 
iq4  g/caK ,  associated  only  with  expansion  of  lattice  parameters  Macro 

scopic  growth  of  polycrystalline  BeO  samples  without  transformation  takes 
place  upon  x-ray  irradiation  and  at  elevated  temperatures  l870°  K)  IBOJ. 

Fig.  66  shows  volumetric  changes  induced  when  various  materials  were  irra¬ 
diated  in  a  reactor  [68]. 

The  causes  of  volumetric  changes  of  quartz,  quartz  glass,  and  beryllium 
oxide  were  examined  above.  As  for  the  expansion  of  oxides  of  magnesium  and 
aluminum,  they  are  determined  mainly  by  lattice  expansion  [66J : 


for  hexagonal  Al?0,  crystals 
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The  increase  in  cell  parameters  in  polycrystalline  magnesium  oxide 
reduces  intercrystallite  cohesion,  which  leadB  to  a  reduction  in  crystal 
v,  trength . 

With  increase  in  radiation  temperature  or  in  annealing  temperature  of 
irradiated  magnesium  oxide,  a  deviation  is  observed  between  macroscopic 
expansion  and  the  increase  m  the  parameters  of  the  elementary  cell.  Thie 
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TABLE  32.  CHANGE  IN  LENGTH  0?  SAMPLES  UPON  IRRADIATION  WITH 
NEUTRONS  AT  ENERGIES  HIGHER  THAN  1  MEV 
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Fig.  66.  Change  m  volume  of 
certain  materials  after  reactor 
irradiation 

1  —  quart/. 

2  —  quartz  glass 

3  —  BeO 

4  —  MgO 

3  —  ai2o^ 

KEY:  A  — -  Relative  change  in  volume  in  ] 
B  Dose  in  lO^O  fast  neutrons/cm’ 
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is  due  to  the  mounting  role  of  the  coalescence  of  vacancies  owing  to  diffu¬ 
sion.  At  low  radiation  temperatures  and  doses,  these  effects  are  weak  in 
AlgOj  and  MgO  and  are  caused  mainly  by  displacement  spikes  [8l].  At  elevated 

radiation  temperatures,  the  concentration  of  defect  clusters  in  MgO  for 


doses  higher  than  2  •  10*9  neutrons/cm2  reaches  a  value  of  1 0 1 ^  -  10‘u  cm' 


T5  ^lo^  crr5 

for  10  nanometers  diameter  clusters,  and  the  clusters  are  in  the  form  of 
negative  cubic  crystals. 


A  further  increase  in  radiation  dose  and  temperature  in  the  case  of 
MgO  leads  to  the  evolution  of  inert  gases  formed  in  the  reactions  Mg(n,oc)Ne; 
0l°(n,ct  Jo1?,  and  their  aggregation  in  pores  formed,  therefore  gas  bubbles 
have  a  regular  crystalline  form.  The  same  result  is  attained  by  high-tempera- 
ture  annealing  (1170-2070°  K)  of  MgO  crystals  pre -irradiated  at  a  dose  of 
4  •  lO2^  neutrons/cm2. 


The  evolution  of  gaseous  products  is  a  sericus  obstacle  limiting  the 
surface  of  materials  under  irradiation  conditions.  Radiation  stability  in 
this  case  is  determined  not  only  by  the  amount  of  gas  given  off,  but  to  a 
large  extent  by  the  possibility  of  its  diffusion  and  escaping  to  the  surround¬ 
ing  space.  In  the  case  of  a  closed  three-dimensional  framework,  gas  diffusing 
through  a  lattice  cannot  escape  freely,  and  this  causes  material  to  break  up. 
But  if  the  material  has  an  open  structure,  for  example,  in  the  form  of 
layers,  the  gas  is  able  to  collect  between  layers  and  to  escape  from  these 
cavities  [83 ].  Making  porous  materials  with  pores  between  grains  can 
enhance  their  radiation  stability  [70]. 


Swelling  of  materials  used  in  reactors  due  to  gas  evolution  adversely 
affects  their  service  qualities  in  reactors.  At  the  same  time,  gas  evolu¬ 
tion  upon  irradiation  must  be  reckoned  with  in  designing  electrovacuum 
instruments  in  which  ceramics  and  especially  glass  have  found  extensive  use. 

In  one  of  the  first  works  [84]  on  gas  evolution  in  this  respect,  various 
gases  of  commercial  and  specially  prepared  compositions  coated  with  a  firm 
of  metallic  aluminum  were  irradiated  with  a  beam  of  20  kev  electrons.  After 
irradiation,  the  evolution  of  gas  bubbles  swelling  the  film  was  detected. 
Chemical  analysis  results  showed  that  the  gas  was  95  percent  oxygen,  ard 
its  amount  liberated  under  identical  irradiation  conditions  was  the  smallest 
for  quartz  glass  and  increased  as  the  test  was  made  of  alkali  compositions 
in  the  series  K-Na-Li  (that  is,  with  decrease  in  gas  permeability  and  con¬ 
solidation  of  the  glasB  structure). 

A  detailed  examination  of  this  phenomenon  made  by  Lineveawer  [05] 
using  electronic  irradiation  followed  by  heating  to  470-620°  K  showed  that 
the  amount  of  gas  given  off  obeys  the  following  equation 

Q  --  Qe  +  Cr~Q„(l--exp-£-J. 

where  6t  is  the  total  amount  of  gas  given  off  in  the  time  t;  is  the  amount 
of  gas  given  off  upon  irradiation;  is  the  amount  of  gas  given  off  with 
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subsequent  heating;  K  is  the  measure  of  the  time  dependence  of  the  degassing 
process;  and  is  the  maximum  amount  of  gas  capable  of  being  evolved. 

Table  33  gives  the  experimentally  obtained  values  and  calculated 
K  values. 


TABLE  33.  CHARACTERISTICS  OF  THE  GAS  EVOLUTION 
OF  VARIOUS  GLASSES 
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of  1  micron  Hg 
KEYs  A  —  Glass  grade 


B  —  Qoo  at  300°  K,  in  microliters 
C  —  K  in  hours 


The  evolution  of  oxygen  is  associated  with  profound  structural  changes 
in  irradiated  glass  sections,  shown  by  a  study  of  the  cross-section  of  a 
sample  l85]«  In  this  examination  the  following  was  found: 

1)  the  irradiated  section  of  the  surface  is  displaced  in  the  direction 
of  the  electron  beam;  the  displacement  increases  with  increase  in  ^  and 
reaches  several  namometers  for  the  amount  of  glass  approximating  ; 

2)  there  is  an  abrupt  change  in  the  density  of  the  sample  at  a  depth 
of  about  10  nanometers; 

3)  the  depth  at  which  the  change  in  density  occurs  increases  up  to  the 
free  flight  of  electrons  at  a  Q,  value  approaching  ; 

4)  coloring  of  camples  begins  at  the  boundary  of  layers  with  different 
density  and  extends  depthwise  by  the  amount  of  the  free  electron  path; 

3)  in  contrast  to  untreated  glasses,  the  melting  of  irradiated  glasses 
is  not  accompanied  by  the  evolution  ol’  gas  bubbles  from  the  melt;  and 

6)  when  electronic  bombardment  was  used,  up  to  10  percent  of  the  oxygen 
contained  in  the  glass  was  removed,  that  is,  even  oxygen  incorporated  into 
the  structural  network  of  the  glass  was  removed. 

The  evolution  of  oxygen  is  intimately  associatec.  with  processes  of 
space  charge  accumulation  (cf.  Chapter  Nine)  and  with  the  displacement  of 
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mobile  ions  in  the  field  of  discharge.  The  displacement  of  alxali  ions 
toward  the  glass  surface  liberates  nonbridging  oxygen  ions  previously  asso¬ 
ciated  with  them,  and  the  bonding  of  the  oxygen  ions  in  the  lattice  is 
disturbed,  and  they  diffuse  in  the  opposite  direction.  On  approaching  the 
grounded  foil  deposited  on  the  glass  surface,  they  become  neutralized  and 
form  glass  bubbles,  aggregating  under  the  foil. 

Structural  damage  accompanied  by  degassing  is  so  extensive  that  cases 
of  breakdown  of  the  following  grades  of  glass  samples  are  known:  Corning 
7720,  7052,  0080,  0120,  and  1723  [86]. 

Irradiation  with  ionizing  radiation  (gamma-,  x-,  and  ultraviolet  rays) 
is  also  accompanied  by  the  evolution  of  gases  from  the  glass,  intensified 
by  subsequent  calcining.  However,  here  we  must  note  that  first  of  all  the 
amount  of  gas  evolved  is  much  leas  than  in  electronic  irradiation,  and 
secondly  the  gas  composition  differs  appreciably  (Table  34).  In  this  case 
the  gas  is  mainly  oxygen  with  impurities  of  carbon  oxides.  The  evolution 
of  hydrogen  is  more  probably  related  to  the  radiolysis  of  water  present  in 
the  glass  and  the  dissociation  of  OH  radicals  [87].  Owing  to  the  hindered 
diffusion  in  glasses  with  more  compact  structure,  the  amount  of  hydrogen 
given  off  is  less.  Oxides  of  carbon  form  near  the  glass  surface  via  a 
reaction  with  the  atmosphere  [86], 


TABLE  34 •  COMPOSITION  AND  AMOUNT  OP  EVOLVED  GASES 
WHEN  GLASS  7720  IS  IRRADIATED 
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KEY:  A  —  Amount  of  gases  in  microliters  evolved 
from  the  listed  glasses 
B  —  without  calcining 

C  —  after  calcining  for  3  hours  at  388°  K 
D  —  total 


The  hard-to-remove  coloring  of  lead  glasses  caused  by  ionizing 

radiation  is  associated  with  the  reduction  of  lead  ions  by  hydrogen,  in 
the  view  of  the  author  of  the  study  [86 ]. 

Alpha-particles  have  a  weak  effect  on  degassing  owing  to  their  weak 
penetrating  ability.  Irradiation  with  neutrons .especially  of  boron  glasses, 
causes  appreciable  gau  evolution,  associated  with  nuclear  reactions  taking 
place  at  the  B1®  isotope.  Alpha-particles  and  Li?  nuclei  forming  due  to 
the  reaction  alter  the  composition  of  the  glass,  cause  helium  to  be  given 
off,  ionize  atoms,  and  by  breaking  chemical  bond3,  lead  to  the  initiation 
of  thermal  spikes  promoting  the  degassing  of  the  glass. 
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kher.  boron-containing  glasses  undergo  reaction  irradiation,  ')A -'/}  per¬ 
cent  of  the  evolved  gas  in  helium.  In  addition,  funue  of  the  (jcun  aano- 
oiatod  with  exposure  to  background  gamma-radiation,  whose  chemical  composi¬ 
tion  is  tho  3ame  as  in  pure  gamma-irradiation,  is  given  off.  The  evolution 
of  helium  is  accompanied  by  the  formation  of  some  oxygen,  evidently  owing 
to  the  initiation  of  uncompensated  oxygen  ions  after  the  fission  of  B10 
nuclei  into  Li  and  He.  This  kind  of  structural  damage  led  to  the  breakdown 
of  several  specimens  at  a  dose  of  4  •  10?  neutrons/cm^  [86], 
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CHAPTER  ELEVEN 


EFFECT  OF  IRRADIATION  ON  MECHANICAL  AND  THERMAL  PROPERTIES  OF 

MATERIALS 


1.  Initiation  of  Stresses  and  Change  in  the  Strength  of  Materials  when 
Irradiated 

As  the  result  of  irradiation,  in  a  material  regions  with  altered  char¬ 
acteristics,  so-called  failed  regions,  are  produced  in  a  material.  In  the 
failed  regions  bulk  changes  must  be  greater  than  those  occurring  usually 
with  change  in  temperature.  When  a  failed  region  is  initiated,  which  can  be 
represented  as  a  core  with  radius  a,  the  surrounding  material  will  be  im¬ 
peded  by  the  bulk  changes. 


According  to  [1],  if  in  the  "free"  change  in  volume 

■  -  d.taV, 

where  S'  is  the  "free"  relative  deformation,  when  the  free  "uninvolved" 
volume  undergoes  compression, 

aw  1  .  fsV'  -■  —  —  . 

AV--  i_v  »  3  1  ~v 

where  V  ia  Poisson's  ratio. 


With  increase  in  the  concentration  of  failed  regions,  each  subsequent 
region  will  aupcrimpone  U«  stresses  and  strains  on  existing  stresses  and 
strains.  When  u  m  O.T),  total  strain  will  be  5/9-th  of  the  sum  of  free  strain; 
of  «1J  fulled  regions,  and  the  nomu//,«:nt:i,uii macroscopic  strain  will  be  of  the 
form  [1] 

K  .A.  *>Y».  :  J-  .  M 

3  V  »|-  v1'  ‘ 
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where  Av  i«  the  mean  bulk  change  per  failed  region  and  is  the  con¬ 
centration  of  the  failed  regions. 

Let  us  consider  the  case  when  this  failed  region  is  caused  by  a 
single  displacement.  Elastic  strains  of  the  lattice  caused  by  a  vacancy 
can  be  calculated  as  for  a  cavity  in  a  continuous  medium.  They  are  pro¬ 
portional  to  l/r^ (where  r  is  the  distance  to  the  vacancy).  Observable 
displacements  are  experienced  only  by  nearest-neighbor  atoms.  If  the  atoms 
and  ions  are  considered  as  elastic  spheres  in  contact,  the  mean  displace¬ 
ments  are  very  small  and  are  directed  in  the  metal  toward  the  vacancy,  and 
radially  outwards  —  in  ionic  crystals.  In  both  cases  the  elastic  propor¬ 
tion  of  the  energy  of  defect  formation  as  a  rule  does  not  exceed  several 
tens  of  electron-volts. 

An  interstitial  atom  upon  injection  causes  a  stronger  distortion  of 
the  lattice.  The  displacement  of  surrounding  ions  can  extend  to  20%  of 
the  lattice  constant,  and  the  corresponding  strain  energy  can  be  much  as 
several  electron-volts. 

Describing  a  point  defect  in  a  real  crystal  as  a  center  of  compression 
or  expansion  naturally  represents  a  very  crude  approximation,  since  here  we 
do  not  take  account  of  the  discrete  atomic  structure  of  the  body.  More  pre¬ 
cise  calculations  showed  [2]  that  the  resultant  displacements,  for  example, 
in  a  cubic  lattice  are  oriented  outwardly  along  the  axes  of  the  cube,  and  in¬ 
wardly  —  in  the  remaining  directions.  Therefore,  the  displacement  field  is 
marked  by  significant  anisotropy.  This  also  is  true  of  other  lattice  typeB. 
Displacement  of  the  first  layer  around  the  interstitial  atom  in  a  face-cen¬ 
tered  cubic  lattice  is  approximately  six  times  greater  than  around  the  vacancy. 

At  present  there  are  inadequate  data  for  the  calculation  of  the  volu¬ 
metric  change  AV  per  single  displacement  in  dielectrics.  This  quantity  will 
depend  upon  numerous  physical  characteristics  of  the  material  as  a. whole,  as 
well  as  of  atoms  or  ions  comprising  it,  and  also  on  the  structure  of  the 
material  —  its  crystal  lattice,  and  the  presence  of  cracks  and  other  defects. 

However,  there  are  data  [3]  indicating  that  in  metals,  for  neutron 

iiiadiatn on,  is  of  the  order  of  10"25  cm^/defect  for  a  number  of  defects  equal 
to  lO^  per  neutron.  For  the  atomic  volume  Va  -  10~^  cm3,  the  volume  change 
is  10  percent.  At  the  same  time,  the  volume  change  calculated  for  irradia¬ 
tion  with  uranium  nuclei  fusion  fragments  (95  Mev)  is  1.2  •  10"21  for  MgO,  and 
16.4  •  10"  cra3/def ect  for  SiC  [4].  The  overall  volume  change  for  flux 
can  be  obtained  by  the  formula  [5] 

-  -  --  12jt  - —  ipAV, 

V  1  -v 

If  the  failed  region  owes  its  origin  to  a  nuclear  reaction,  for  example, 
fil®(n,  )Li^,  it  will  be  much  larger.  The  volume  change  calculated  in  the 
study  [1],  per  nuclear  reaction  in  glasses,  is  3.6  •  10"^9  cm3,  and  mean 
volume  of  the  failed  region  at  the  surface  of  the  specimen  where  the  density 
of  reactions  is  the  greatest  and  where  these  regions  are  in  contact  with  each 
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other  Is  1.5  •  10"^6  cm^.  For  these  parameters,  the  relative  strain  of  the 
surface  layer  V  is  -0.08  percent.  The  strength  of  the  material  is  deter¬ 
mined  by  the  strength  of  the  surface  layer  in  a  state  of  tension. 

Considering  the  thermal  spike  or  the  displacement  a;  Ike  as  a  center 
distorting  the  lattice,  we  can  assume  that  since  regardl^s.  of  the  nature 
of  the  spik;  the  substance  undergoes  expansion  within  it,  naturally  around 
the  spike  a  region  of  increasad  pressure  will  appear.  The  pressure  p  in  the 
radial  direction  is 

.  I  n  '\a 

p^r«  {  -■■]  • 


where  r  is  the  distance  to  the  ..enter  (or  the  axis  of  the  spike);  a  is  the 
radius  of  the  zone  undergoing  melting;  and  pq  is  the  pressure,  which  is  a 
function  of  the  shear  modulus  C,  Poisson's  ratio  y  ,  and  the  relative  allo¬ 
cation  of.  the  material  in  the  spike  zonr  /1 1/1: 
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According  to  the  findings  of  Paymal  [6],  who  maintains  that  the  dis¬ 
integration  region  within  o  spike  must  be  surrounded  by  a  compression  zone 
around  the  core,  the  pressure  in  the  shell  must  be.  in  the  range  of  20u0~ 
200,000  atm. 

Since  the  sytter  ha>i  spherical  symmetry  .•••no  -  tension  is  a  radial 

attest,  the  tension  related  to  comprat  jton  by  'n;  function  [1] 

will  be  a  tangent iu!  stress 
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In  spite  of  thu  lact  that  tensile  mi  r.  r  'sses  exceed  the  ultimate 
strength,  failure  of  the  material  cannot  ink-  for  the  following  rea¬ 

son*,  owing  to  the  small  dimens Jon<t  <f  tin  .i  region,  comparable  with 
interatomic  distances,  the  strengf.i  >  the  n..  oriel  must  approach  its  theo¬ 
retical  value  and,  in  addition,  owing  to  local  excitation  of  t'ne  lattice 
tssociated  with  Ionization  processes  and  displacement  processes,  the  bonds 
between  atoms  t re  weakened  ard  st resb  relaxation  is  facilitated. 

If  the  mean  density  of  failed  i  ••’t/lonn  fluctuates  :n  the  bulk  material , 
internal  macrouuoplc  stresses  appear  as  l.n  an  inhomogeneous  cooled  body. 

On  the  macroEcopit  scale  even  weak  no  iwitlf oi uilLy  of,  irradiation  produces 
largo  et resues. 
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Based  or.  experiments  on  the  annealing  of  neutron-irradiated  quartz 
glass,  Lungu  [7]  concluded  that  defects  are  unevenly  distributed  in  speci¬ 
mens,  in  spite  of  the  small  coefficient  of  radiation  absorption.  In  the 
case  of  materials  strongly  absorbing  radiation,  nonunif ormity  of  the  distri¬ 
bution  of  failed  sections  is  very  large.  The  plot  of  the  distribution  of 
macroscopic  stresses  in  thermal-neutron-irradiated  fcorosilicate  glass  Corning 
7070  28  percent  B2O3) ,  given  in  report  [1),  indicates  this  (Fig.  67).  The 
curvature  of  the  branch  ot  the  curve  is  determined  in  this  case  by  the  con¬ 
centration  gradient  of  nuclear  reactions,  which  are  the  dominant  effect  of 
irradiation.  Our  experiments  on  irradiating  a  series  of  glasses  with  variable 
B2O3  content  with  thermal  neutrons  showed  that  as  the  absorption  coefficient 
is  increased,  stresses  recorded  by  the  polarization  method  increase,  and  for 
a  high  enough  content  (up  tc  30  percent),  the  specimens  fail  when  irra¬ 

diated  with  a  dose  of  5  •  10^'  net-trons/cm^ ,  which  is  tolerated  by  glasses 
with  s.  smaller  B2O3  content  without  cracking. 

When  quartz  is  bombarded  with  130  kev  protons,  the  stresses  in  the 
irradiated  surfaces  are  (277-234)  •  10^  ,  and  when  100  kev  ions  are 

used,  the  stresses  ate  451  •  10®  newton* /m2 


Growth  of  stresses  is  directly  proportional  to  volume  changes  caused 
by  irradiation .  Radiation  expansion,  which  depends  on  .he  structure  and 
composition  of  f  ne  material,  1#  .ds  to  the  initiation  o-  stress  between 
layers  of  natci'lll  experiencing  different  relative  str  .ins.  In  silicon  car¬ 
bide,  these  stresses  are  twice  as  great  as  the  ultimate  tensile  strength, 
and  in  MgO  tensile  stress  la  13  percent  of  the  ultimate  aLrength,  and  com¬ 
pressed  stress  le  8  percent  of  (he  u)  t  iniritp  atrongth  (4], 

in  sp.'tu  of  the  large  value  of  irradiatlori-inducud  macj o&enpir:  stresses, 
occasionally  axceedir.g  ultimate  strength  values,  material  specimens  nonethe¬ 
less  often  are  preserved  without  failure,  for  example,  quartz,  as  described 
In  the  work  [8],  This  can  h*  explained  by  the  possibility  of  streBS  relaxa¬ 
tion.  Relaxation  takes  place  in  any  case.  For  noversly  nonuniform  irradla- 
t. inn  tills  amounts  10  failure.  For  weak  Jnhoinogenolty  fr,  region*  irradiated 
with  not  overly  largn  rioaes,  relaxation  can  occur  via  plastic  flow,  though 
the  authors  oi  the  paper  |V],  In  analyzing  the  results  of  the  thermal  relaxa¬ 
tion  of  stresses  in  glasses  subjected  to  ultraviolet  irradiation,  found  that 
the  energy  of  activation  (1.3  ev)  and  me  relaxation  temperature  (520'  V)  of 
there  stressue  is  somewhat  lower  than  the  corresponding  viscous-flow  charac¬ 
teristics  (4,3  cv,  83d°  K) .  leiaxetion  cels  in  either  on  attainment  of  a 
specific  stress,  Lhat  ip,  beginning  with  base  nose,  01:  occurs  throughout  the 
entire  irradiai.ion  pwiod.  By  the  work  |<j],  when  the  relative  volume  strain 
t  does  not.  exceed  lu  ®  the  wafer  is!  remains  practically  free  of  stresses, 


hecoida'y  effects  associated  with  changes  in  phase  composition,  'true- 
(ijtc,  and  thermal  prehistory  of  the  material  enn  be  a  source  of  of'essee  upon 
1  rradi/il  Jon. 


When  several  phases  wi  t.i  illfcrcnl  coef  I  Ic  Jem  h  ut  thermal 
present  cii  the  material,  abrupt  cooling  of.  nee;  ed  sections,  in 
spikes,  can  It  d  to  intirpho.se  stresses.  4c cording  to  the  core 
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where  E  is  Young's  modulun;  ^  is  Poisson's  ratio;  cc  and  cv  are  the 
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coeff icientt)  of  thermal  expansion  of  bounding  phases;  tj  1b  the  spike  tem¬ 
perature;  and  is  the  temperature  below  which  stress  relaxation  is  im¬ 
possible. 


The  irradiation  of  dense  beryllium  oxide  with  very  high  doses  (to  2.6  • 
102*  neutrons/cm2)  leads  to  its  breakdown  to  the  powdered  state,  where 
the  lower  the  irradiation  temperature,  the  more  pronounced  this  effect. 
Authors  of  the  work  [11]  explained  this  phenomenon  as,  first  of  all,  due  to 
the  anisotropic  expansion  of  crystals  and  the  initiation  of  stresses  at 
their  facets;  secondly,  by  the  forcing  apart  of  grains  under  the  pressure 
of  diffusing  helium. 

When  quartz  and  quartz  glass  are  irradiated  with  heavy  particles  (pro¬ 
tons  and  helium  nuclei),  the  accumulation  of  gases  at  a  depth  of  several 
millimeters  produces  lenticular  voids,  causing  exfoliation  of  the  surface 
layer  and  the  flaking  of  specimens  [8],  The  bending  strength  of  a  material 
with  10-15  percent  porosity  after  irradiation  is  reduced  by  82  percent,  and 
by  94  percent  for  a  material  with  4  percent  porosity  [12], 


Initiation  of  the  resultant  surface  tension  is  of  interest  for  problems 
of  the  strength  of  glass  and  products.  According  to  [13],  glass  with  the 
following  composition  (mole  perc»..t)  must  be  used  to  obtain  uniform  tensile 
stresses  in  the  surface  layer  of  a  glass  after  its  irradiation  with  thermal 
neutrons:  Si02  -•  10  —  70;  Al203  —  20;  B2O3  —  0  —  50;  R2O  —  0  —  30; 

R0  —  0  —  30;  i  id  PbO  —  0  —  85,  given  the  condition  that  S102  +  B2°3  + 

Al203<^70;  K2O  +  RO  +  Pb0>15;  B203>1;  l„i20  >10.  To  achieve  compressive 
stresses  in  the  surface  layer  of  the  glnss  after  it  has  been  irradiated  with 
thermal  neutrons,  the  glass  must  have  the  following  composition  (in  mole 
percent):  Si02  —  50  —  90;  AI2O3  —  0  —  20;  B2O3  —  O’-  80;  R20  —  0  —  20; 

and  RO  —  0  —  30;  TbO  —  0  —  20,  given  the  condition  that  S.IO2  +  B2O3  75; 

R20  +  KU  +  PbO  —  0-25;  B203  >1;  and  li2O>10. 

l  teas  zones  can  be  regulated  by  depth  and  along  the  surface  of  the 
gi-ifi*  -**■  -■rotercing  given  sections  of  the  product  with  cadmium  shields  of 
appro;  thicknesses  [14].  If  as.  a  result  of  the  irradiation  the  glass 

Inc  eases  i  density,  that  is,  it  Is  compressed,  the  zones  undergoing  ir¬ 
radiation  tperience  tension,  while,  at  the  same  time  shielded  sections  in 
need  of  st 1 ^ngthening  experience  compression.  If  the  composition  of  the 
glass  is  such  tnat  when  irradiate*!  experienc' ..  e  mpre- salon,  the  strengthened 
in'it  >e  left  exposed,  and  the  shields  timet  be  used  for  the  desirable 
diet rlbut loi  stresses.  In  n  prehardened  glass  subjected  to  irradiation, 
siil  Ids  peri  nd if ying  the  initially  produced  stresses,  Increasing  them  in 
Ro-ae  sectlui  1  reducing  them  in  others. 

■■  t  ■  work  [15]  that  the  mechanics]  ut  rci/gih  of  quartz 
itud  with  a  dm*;  of  2,4  •  neutrons/ «:m  and  at  1736  K 
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is  increased  by  1.0  percent.  Jiowever,  Fleming  [16],  after  irradiation  with 
a  dose  of  4  •  10^0  neutrons/cm  did  not  find  flexural  strength  changes  of 
fused  quartz  rods  obtained  by  dross  casting  and  sintering  in  spite  of  the 
fact  that  at  this  dose,  the  cristobalite  present  in  the  glass  underwent  a 
transition  to  the  amorphorus  state. 

Quartz  glass  specimens,  depending  on  the  method  of  production  (molding 
or  drawing),  after  irradiation  with  a  dose  of  2  *  1Q^® neutrons/ cm  revealed 
5.5-  6.5  percent  strength  gains  [17].  However,  in  our  experiments  no  changes 
were  found  in  the  strength  of  KV  and  KI  quartz  glasses  after  irradiation  in 
a  reactor  with  fluxes  of  7  *  101®  thermal  nerdrons/ cm2 .  In  a  study  of  the 
mechanical  properties  of  sintered  alumina  of  various  grain  composition  [18], 
no  strength  decreases  were  found,  and  there  was  even  some  gain  in  specimen 
strength  (Table  35) . 


Fig.  67.  Distribution  of 
stresses  in  a  sample  of 
boros llicate  glass  Corning 
7070  with  thickness  d,  sub 
Jected  to  thermal  neutron 
irradiation. 

KEY:  A  —  Stress 


TABLE  35.  CHANGE  IN  STRENGTH  OF  ALUMINA  UPON  IRRADIATION 


A 

y.pim  n  Ms m  j 

“Bi 

1  /IciM  fi  HfhmfHtHlCM*  ■  l"*'  I 

1  l 

• 

„  c 

4-0 

1,3 

0.8 

1 

1.7 

1,3 

2,1 

1,8-1 ,7 

.4,5 

1-1,6 

1,6 

40  -200 

2,1  1 

1,1- 1.2 

4,2 

1,3 

1  5 

1 ,2  —  1 ,3 

KEY:  A  —  Crain  diamtter  in  microns 

B  —  Dose  in  neutrons/cm^  •  10^u 
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Irradiation  with  a  dose  of  3  •  10  neutrons/cm  dues  noi  cause  changes 
in  flexural  strength  of  glass-crystalline  mater ials  of  the  system  Ma  O-CaO- 
MgO-Al^O^-S  10 [19].  When  plates  of  IV-23  sitall,  70  <12  /.?.  mm  in  size  pro¬ 
tected  qn  one  side  with  cadmium  shields  were  irradiation  with  a  dose  of 
5  •  10^b  neutrons/cm2,  deformation  occurred.  The  specimens  were  bent  in  on 
the  irradiation  side,  indicating  compression  and  thickening  of  the  surface 
layers  and,  therefore,  the  Initiation  of  tensile  stresses  in  them.  Specimens 
uniformly  irradiated  with  a  rose  of  1CA9  neutrons/cm^  cracked  [20],  and  the 
crack  grew  from  one  of  the  side  faces  and  extended  along  the  specimen  axis, 
that  is,  along  the  zone  of  maximum  tensile  stresses.  Measurement  of  strength 
with  central  bending  of  sitall  IV-23  specimens  and  for  transverse  bending  of 
sitall  224-18  specimens  irradiated  with  a  dose  of  10^  neutrons/cm^  showed  no 
differences  in  its  values  from  initial  values.  However,  a  aose  of  10i® 
neutrons/cm^-  and  lower  causes  stresses  recorded  by  the  polarization  methods  in 
the  initial  sitall  glasses,  /sitall(s)  =  pyroceramic(c)  —  ?r J 


Birefraction  of  glasses  becomes  stronger  with  increase  in  irradiation  dose, 
and  at  constant  dose  —  with  increase  in  B„0  content  in  a  glass.  Nonboron 

^  }  g  2 

compositions  produce  weak  birefraction  only  at  a  dose  of  10  neutrons/cm  . 
Stresses  induced  in  glasses  at  doses  of  5  •  10^7  -  10^  neutrons/cm^  in  several 
cases  lead  to  the  cracking  of  samples.  Sitalls  formulated  from  these  same 
glasses  do  not  fail  under  the  same  irradiation  conditions,  which  allows  us 
to  regard  them  as  more  resistant  strength-wise  than  glasses. 


Our  study  of  the  strength  of  certain  industrial  glasses  (sheet,  LK-5, 
K-8,  and  13v)  revealed  the  absence  of  strength  changes  after  y  -irradiation 
with  doses  extending  up  to  109  t  [roentgen]. 


2.  Change  in  Elastic  Constants  of  Materials  when  Irradiated 


When  the  elastic  constants  of  quartz  and  quartz  glass  were  measured,  it 
was  found  that  after  irradiation  with  a  flux  of  up  to  4  •  1018  neutrons/cral, 
changes  in  the  modulus  of  elasticity  of  quartz  are  as  high  as  3.2  -  16.3  per¬ 
cent,  and  0.66  -  3.8  percent  for  quartz  glass,  that  is  the  stability  of  the 
glass  is  higher  [21].  Zhdanov  et  al.  [22]  noted  only  a  slight  increase  in  the 
constants  C  and  of  the  stress  tensor  of  quartz  when  irradiated  with 

fluxes  up  toX  2  *  lol9  neutronB/cm^ .  In  an  article  by  Zubov  and  Ivanov 

[23],  it  was  stated  that  doses  up  to  2  •  10^0  fast  neutrons/cm  produce  differ¬ 
ent  patterns  in  changes  of  the  modulus  of  elasticity  with  respect  to  the  dif¬ 
ferent  crystal  axes,  and  the  changes  in  the  strain  tensor  constants  do  not  at 
nil  tend,  with  increase  in  dose,  to  values  of  tht  corresponding  end  product 
of  irradiation  (cf.  Chapter  Ten).  This  same  irradiation  dose  (2  •  ].(T  neutron;)/ 
cm2)  increases  the  modulus  of  elasticity  of  glassy  silicon  by  3-4  percent 
[16].  7  -Irradiation with  a  dose  of  up  to  10>‘7  r,  x-rsy  irradiation,  and 

neutron  Irradiation  with  a  dose  up  to  8  •  10^ *Yiou Irons /cm2  do  not  affect  the 
elastic  constants  of  quartz  (21,  22].  In  our  experiments  irradiation  of  quarlz 
glass  with  fluxes  of  4  •  10^-8  thermal  neutrons/cm^  do  not  produce  noticeable 
changes  in  the  modulus  of  elasticity  measured  by  the  ultrasonic  method. 


t..  - -  , - t  j  4  _  a  -  ,  —  f  c  irtlQ  z  —  *-  —  /  ....  7  \  ...  1  or 
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drop  in  the  rate  of  ultrasound  propagation  in  quartz  glass;  here  the  sheer 
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modulus  rose  by  2  percent,  and  compressibility  was  reduced  by  20  percent 
[24].  The  rise  in  the  elasticity  of  glassy  silica,  based  on  data  in  [17], 
is  extremely  stable  and  is  not  eliminated  completely  after  annealing  at 
1270°  C  for  75  hours. 

Starodubtsev  et  al.  [25]  showed  that  the  shear  modulus  of  quartz  glass 
increases  with  Y_iadiation  dose  and  the  change  is  0.22  +  0.02  percent  at  a 
dose  or  1.5  *  10^  r.  The  authors  assume  that  the  increase  in  the  elasticity 
of  quartz  glass,  just  as  its  reduced  linear  dimensions,  occurs  owing  to  tne 
initiation  of  ordered  regions  in  the  structure,  that  is,  partial  long-range 
recovery. 

A  study  by  Vrekhovskikh  et  al.  [26]  showed  that  as  the  y-radiation  dose 
is  intensified  the  modulus  of  elasticity  and  the  shear  modulus  of  sheet 
glass  also  rise.  However,  these  changes  reach  saturation  values  at  a  dose  of 
1Q6  r  at  a  level  of  1  percent.  This  effect  is  related  by  the  authors  to  the 
healing  of  internal  defects  in  glass  structure,  as  well  as  with  annealing. 

The  modulus  of  elasticity  of  boro-silicate  glass  irradiated  with  a  flux 
of  5.2  •  1017  thermal  neutrons/ cm^  at.  350-340°  K,  increases  by  4%,  which  is 
associated,  in  the  authors'  view  [27,28],  with  the  formation  of  new  bonds, 
resulting  in  intensified  interaction  between  glass  atoms.  The  elasticity 
modulus  of  the  glass  Vycor  rises  by  9  percent  after  irradiation  with  a  flux 
of  5  •  lO^S  neutrons/cm-7  [29]. 

Paymal  and  Le  Clerk  [30]  investigated  changes  in  the  modulus  of  elasticity, 
on  exposure  to  thermal  neutrons  of  a  large  group  of  boro-silicate  glasses  with 
systematically  varied  composition  in  the.  .-.ystems  $i02  -  £^o,,  -  K^O;  010,,  - 

B2°3  ~  Rb20’  Ci02  ”  B2°3  "  A12°3  ”  R20'  and  Si02  "  B2°3  “  Al2°3  ~  R0,  These 
experiments  showed  that  since  the  modulus  of  elasticity  depends  more  strongly 
on  the  specimen  thermal  prehistory  than  on  its  chemical  composition,  it  is 
not  possible  to  uniquely  relate  radiation  changes  in  the  modulus  with  chemical 
composition.  Nonetheless,  for  small  doses  radiation  changes  of  the  modulus  are 
governed  by  the  same  laws  as  its  temperature  dependence  in  the  range  290  -  390° 
C.  The  difference  is  that  radiation  changes  become  frozen.  At  small  radiation 
doses  changes  in  Young's  modulus  (E)  follow  radiation  changes  in  glass  density 
f  ,  where  this  change  is  greater  than  in  rubidium  glasses.  In  quartz  glass 
this  relationship  is  expressed  as  Ak/E  »  1.8  0 &P)I  Q)\  in  alkali  glasses  the 
coefficient  is  between  2  and  3. 

Large  radiation  doses  lead  to  the  radiation  annealing  of  changes  and  to 
a  reduction  in  the  modulus  [30].  This  is  also  indicated  by  the  results  of 
irradiating  sheet  glass  with  a  flux  of  1.6  •  1020  fast  neutrons /cm^ ,  accom¬ 
panied  by  some  decrease  in  the  modulus  of  elasticity  (by  less  than  49  •  10& 
riewtons/n/)  [31].  This  is  in  fact  also  shown  by  our  experiments  on  irradia¬ 
ting  transparent  semicrystali i ne  aluminum  oxide  (luxor).  After  irradiating 
beryllium  oxide  with  a  flux  ol  7.3  ■  10^  fast  neutrons/cm^ ,  its  elasticity 
modulus  changed  very  appreciably,  but  annealing  at  1470  -  1670°  K  relieved 
these  disruptions  [33].  The  elasticity  modulus  of  TiO-  changed  only  slightly 
after  irradiation  with  fluxes  up  to  6  •  .1.020  fast  neutrons/cm^  [31]. 
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modulus  rose  by  2  percent,  and  compressibility  was  reduced  by  20  percent 
[24].  The  rise  in  the  elasticity  of  glassy  silica,  based  on  data  in  [17], 
is  extremely  stable  and  is  not  eliminated  completely  after  annealing  at. 
1270®  C  Cor  75  hours. 


Starodubtsev  et  al.  [25]  showed  that  the  shear  modulus  of  quartz  glass 
increases  with  y-radiation  dose  and  the  change  is  0.22  +  0.02  percent  at  a 
dose  of  1.5  •  10^  r.  The  authors  assume  that  the  increase  in  the  elasticity 
of  quartz  glass,  just  as  its  reduced  linear  dimensions,  occurs  owing  to  the 
initiation  of  ordered  regions  in  the  structure,  that  is,  partial  long-range 
recovery. 


A  study  by  Vrekhovskikh  et  al.  [26]  showed  that  as  the  y-radiation  dose 
is  intensified  the  modulus  of  elasticity  and  the  shear  modulus  of  sheet 
glass  also  rise.  However,  these  changes  reach  saturation  values  at  a  dose  of 
106  r  at  a  level  of  1  percent.  This  effect  is  related  by  the  authors  to  the 
healing  of  internal  defects  in  glass  structure,  as  well  as  with  annealing. 


The  modulus  of  elasticity  of  boro-silicate  glass  irradiated  with  a  flux 
of  5.2  •  10l  7  thermal  neutrons/ cm^  at  330-340°  K,  increases  by  4%,  which  is 
associated,  in  th  authors'  view  [ 27 , 28 J ,  with  che  formation  of  new  bonds, 
resulting  in  intensified  interaction  between  glass  atoms.  The  elasticity 
modulus  of  the  glass  Vycor  rises  by  9  percent  after  irradiation  with  a  flux 
of  5  ■  10^  neutrons/cm7  [29]. 


Paymal  and  Lc  Cleric  ( 30]  investigated  changes  in  the  modulus  of  elasticity, 
on  exposure  to  thermal  neutrons  of  a  large  group  of  boro-silicate  glasses  with 
systematically  varied  composition  in  the  systems  Si02  -  -  K20;  SiO^  - 

B2°3  ”  Rb20;  Z1°2  '  B2°3  “  A12°3  ~  K2°>  aild  Si02  “  B2°3  ”  A12°3  "  RQ.  These 
experiments  showed  that  since  the  modulus  of  elasticity  depends  more  strongly 
on  the*  specimen  thermal  prehistory  than  on  its  chemical  composition,  it  is 
not  possible  to  uniquely  relate  radiation  changes  in  the  modulus  with  chemical 
composition.  Nonetheless,  for  small  doses  radiation  changes  of  the  modulus  are 
governed  by  the  same  lews  as  its  temperature  dependence  in  the  range  290  -  390° 
C.  The  difference  is  that  radiation  changes  become  frozen.  At  small  radiation 
doses  changes  in  Young's  modulus  (F.)  follow  radiation  changes  in  glass  density 
f  ,  where  this  change  is  greater  than  in  rubidium  glasses.  In  quartz  glass 
this  relationship  is  expressed  as  E/E  *  1.8  Q6f)/p);  in  alkali  glasses  the 
coefficient  is  between  2  and  3. 


barge  radiation  doses  lead  to  the  radiation  annealing  of  changes  and  to 
a  reduction  in  the  modulus  [30],  This  is  aloo  indicated  by  the  results  of 
irradiating  sheet  gluss  Witt,  a  flux  of  1.6  *  1020  fast  neutrons/cm^ ,  accom¬ 
panied  by  some  decrease  in  tne  modulus  of  elasticity  (by  less  than  49  *  10& 
newtons/m  )  |3L].  This  is  in  fact  also  shown  by  our  experiments  on  irradia¬ 
ting  transparent  semicrystal H m*  .tiuminum  oxide  (luxor).  After  irradiating 
beryllium  oxide  with  n  flux  ol  /.j  •  10^  fast  neutroris/cm^ ,  its  elasticity 
modulus  changed  very  appreciably,  bur  annealing  at  1470  -  1670°  K  relieved 
these  disruptions  |3l].  The  elasticity  modulus  of  TiO  changed  only  slightly 
after  irradiation  with  fluxes  up  Lo  6  *  10^  ncutrons/cm^  [31]. 
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3.  Change  in  Hardness  of  Mater  als  when  Irradiated 

Hardness  is  a  complex  characteristic,  dependent  on  a  good  many  physical 
mechanical  parameters  of  a  material,  moduli  and  limits  of  elasticity,  plasti¬ 
city,  creep,  atom-mo lecular  rupture  and  shear  strength,  and  the  like.  Hard¬ 
ness  also  depends  on  the  actual  structure  of  a  solid,  and  the  kind  and  density 
of  lattice  defects,  which  are  significantly  affected  by  nuclear  radiation. 

The  most  familiar  effect  of  nuclear  radiation  on  the  hardness  of  mater¬ 
ials  is  the  increase  in  hardness  for  both  crystalline  and  certain  amorphous 
bodies.  Thus,  the  hardness  of  neutron-irradiated  BeO  crystals  is  much 
higher  than  the  initial  value  [11,34].  The  microhardness  of  mica  when  ir¬ 
radiated  in  a  nuclear  reactor  with  a  flux  of  6  •  10^0  neutrons/cm2  rises  from 
1110  •  10^  to  4320  <  10^  newtons/cm^,  and  when  sheet  glass  is  irradiated  with 
a  flux  of  3  •  10*9  and  6  •  1020  neutrons /cm2  —  from  1180  •  106  to  1420  •  106 
and  4320  •  106  newtons/n2,  respectively  [35],  But  irradiation  with  x-rays 
at  a  voltage  of  46  kv  with  a  dose  of  3  •  1C>7  r  increases  the  microhardness  of 
quartz  glass  by  an  average  of  3  -  4  percent  [36].  At  the  same  time  it  was 
noted  that  after  certain  materials  had  been  irradiated,  their  hardness  falls 
off.  For  example,  the  microhardness  of  quartz  is  reduced  by  half  after  irra¬ 
diation  with  a  flux  of  6  •  102^  neutrons/cm^  [35]. 

In  our  experiments  on  irradiating  a  large  series  of  glasses  of  coramer-cial 
grades  (sheet,  13  v,  K-8,  K-108,  and  LK-5)  with  'j — rays  using  a  Co^  source 
with  doses  of  10^,  2  •  107,  and  5  ♦  10?  r,  no  microhardness  changes  could  be 
detected.  Our  irradiation  of  KV  and  KI  grades  of  quartz  glass  in  a  nuclear 
reactor  with  fluxes  of  4  *  ID1-6  and  7  •  10^  nrutrons/cm2  also  did  not  cause 
changes  in  microhardness. 

Since  with  the  increase  in  the  absorbing  power  of  materials  and,  there¬ 
fore,  in  the  absorbed  dose  radiation  damage  is  intensified,  we  conducted  a 
series  of  experiments  on  the  irradiation  of  glasses  and  sitalls  with  regularly 
increasing  boron  content  [37].  The  starting  compositions  were  glasses  with 
the  following  molecular  formulas:  Li  0  •  A1  0  •  4S10  •  nB  0  (Series  S)  and 

MgO  '  Al-O^  •  2.5SiO„  •  (Series  M)  in  which  n  takes  on  the  values  0, 

0.23,  0.5,  1,  and  2  (the  indexes  of  the  compositions  are  0,  1,  2,  3,  anl  4, 
respectively) , 

Fig.  68  presents  the  dependence  of  changes  in  microhardness  (FMT-3, 
instrument,  100  g  load  on  indorsor)  of  test,  materials  on  the  reactor  radiation 
dose.  These  curves  show  that  an  increase  in  the  content  of  boric  anhydride 
in  glasses,  therefore,  the  concentration  of  nuclear  reactions  and  the  ab¬ 
sorbed  dose,  leads  to  a  large  drop  in  their  microhardness  when  they  are  irra¬ 
diated  with  the  same  exposure  dose.  In  glasses  not  containing  boron,  no 
changes  in  mic roha rdness  occurred  upon  irradiation,  which  was  confirmed  by 
experiment s  also  on  commercial -compositi on  sitalls.  The  microhardness  decrease 
effect  is  less  pronounced  in  sitalls  than  in  glasses.  Evidently,  this  is 
associated  with  the  fact  that  radiaLion  effects  responsible  for  reducing  micro- 
hardness  take  place  only  in  the  boron-containing  glass  phase.  Since  both 
crystals  and  glass  are  present  in  the  zone  of  indentor  action  when  sitalls 
were  tested,  the  effective  niicrohar-lness  is  more  complexly  dependent  on  dose 
than  i or  Ilf  pure  glass. 
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Fig.  68.  Change  in  microhardness  of  glasses 
with  the  compositions  Li^O  •  ^  SiG^  * 

nB203  (series  S)  and  MgO  •  A1,0  -2.5  SiO,  • 

nB^O^  (series  M)  resulting  irsiui  neutron  irra¬ 
diation 

KEY:  A  -  Change  in  microharoaes s,  K  *  lu 
in  newtons/m^ 

B  —  Dose  in  lOl'7  neutrons/cm^ 


In  an  interesting  experiment  measuring  the  microhardness  of  quart? 
glass  when  irradiation  with  OC-par  tides  using  a  Pu^39  source  [38],  a  reduc¬ 
tion  in  microhardness  with  increase  in  dose  was  also  achieved.  The  authors, 
in  evaluating  the  increase  in  plasticity  of  the  surface  layer,  be! lev ;  that 
it  is  associated  with  the  increased  defect  density  of  the  glass,  cvtcetiy, 
here  the  effect  of  developing  stresses  of  the  surface  hardness  type  is  pre¬ 
sent. 


4.  Change  in  Thermal  Properties  of  Materials  when  Irradiated 
Thermal  Conductivity 

Change  in  the  thermal  conductivity  of  material.1-  when  irradiated  in  a 
reactor  is  vital  in  reactor  engineering.  Table  36  gives  da, a  for  several 
materials  finding  application  in  reactor  structures  [35],  which  indicates 
quite  large  property  changes. 

3  9  o 

Irradiation  of  quartz  glass  vith  a  flux  of  4.3  *  10  fast  neutron  s/cm' 
at  low  temperatures  (3-14®  K)  increases  its  thermal  conductivity  from  16.7 
to  29.3  w/m  •  ueg  [39].  At  the  same  time,  a  flux  of  2  •  10^  fast  neutrons/ 
cm*  does  not  cause  changes  in  the  thermal  conductivity  of  quartz  glass  mea¬ 
sured  at  308  -  318°  K  [40j,  The  thermal  conductivity  of  lead  glass  irredla- 
t  ed  with  the  same  dose,  measured  under  the  same  conditions,  s  reduced  by 
40-45  percent.  Data  on  the  stability  of  the  thermal  conductivity  of  Al,  0  , 
irraoiated  with  a  flux  of  2  *  3  0^0  fast  neutrons/cin  ,  at  308  -  318"  K, 
published  in  the  work  [39J,  contradict  the  data  In  "able  36-  At  odds  with 
Table  36  are  the  results  of  a  study  [40]  indicating  the  absence  of  changes 
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TA^LE  36.  CHANGE  IN  THERMAL  CONDUCTIVITY  OK  CERTAIN 
MATERIALS  UPON  IRRADIATION 
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in  the  thermal  conductivity  of  BeO  irradiated  with  a  flux  of  2  •  10  last 
neutrons/cm^  at  308  -  318°  K.  However,  according  to  141],  even  a  flux  of 

7.3  •  10^9  fast  neutrons /em^  reduces  the  thermal  conductivity  of  BeO  by  a 
factor  of  6. 

Coefficient  of  thermal  expansion 

Changes  in  the  coefficient  of  thermal  expansion  (c.t.e)  of  irradiated 
materials  are  associated  with  disruption  of  phase  composition,  structure,  or 
the  initiation  of  stresses. 

Structural  damage  in  crystalline  quartz  caused  by  neutron  irradiation 
leads  to  a  reduction  in  the  c.t.e.  by  0.5  percent  after  irradiation  with 
a  flux  of  2.2  •  10^-®  neutrons/cm^  [21].  After  irradiation  with  a  flux  of 

1.4  •  1C.2®  neutrons/cm^ ,  the  c.t.e.  of  quartz  reached  a  value  of  5.4  *  10"^ 
deg“l  [42],  which  is  practically  equal  to  the  c.t.e.  of  quartz  glass. 


Fig.  69.  Thermal  expansion  of  Zh-3  sitall 

1  Initial  .  .  q 

2  —  -  4  -  irradiated  with  doses  of  10A  ,  10'“  ,  and  lO1" 

neutrons/cm^ ,  respectively. 

KEY:  A  —  Relative  elongation 
B  —  Temperature  in  °K 


Paymal  relates  slight  changes  in  the  c.t.e.  of  borosilicate  glasses 
Irradiated  with  thermal  neutrons  to  the  effect  of  consolidation  around 
lliermnl  spikes.  The  extent  <>('  consol  Id/it Ion,  in  turn,  is  det-.  rmined  by  the 
|h>  I  oil /.si  Ion  of  oxygon  Ions,  llisl  In,  It  depends  on  the  clmnlcnl  composition 
ol  I  lie  g  I  nils  |  79  |  . 

We  did  not  observe  difference:,  in  the  diiatonietric  curves  of  initial 
borosilicate  glass  produced  upon  the  crystallization  of  S-343  sitall,  and  the 
same  borosilicate  glass  after  irradiation  with  a  flux  of  4  •  ItA?  neutrons/ 
cm^.  At  the  same  time,  irradiating  sitalls  causes  a  change  in  their  thermal 
expansion  [201.  Figs,  69-72  present  the  dilatoraetric  curves  of  several 
sitalls,  The  change  in  the  thermal  expansion  of  sitalls  is  associated  with 
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the  change  in  the  phase  composition,  confirmed  by  x-ray  phase,  petrographic, 
ad  electron-microscopic  analyses.  In  those  cases  when  upon  reactor  irra¬ 
diation  the  crystalline  phase  with  a  large  c.t.e.  breaks  down,  for  example, 
crystobaline  in  Zh-3  sitall,  the  c.t.e.  of  sitall  is  reduced  (Fig.  69). 

But  in  those  cases  when  the  content  of  crystalline  phase  is  exhibiting  a 
small  c.t.e.  is  reduced,  and  the  more  stable  phases  have  a  higher  c.t.e. 
an  increase  in  the  sitall  (S-1214  and  S-343)  c.t.e.  is  the  resultant  effect. 
Change  in  the  c.t.e.  of  sitall  IV. 23  (Fig.  72),  with  a  stable  crystalline 
phase  observed  in  the  temperature  range  to  770°  K,  is  evidently  associated 
wi^h  the  appearance  of  stresses  in  its  glass  phase  133]. 


Fig.  70.  Thermal  expansion  of  S-1240  sitall 

1  —  Initial 

2  _  4  —  irradiation  with  doses  of  10  ,  5  •  101®, 

and  1019  neutrons/cm^,  respectively 
KEY:  A  —  Relative  elongation 
B  —  Temperature  in  0  K 
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71.  Thermal  expansion  of  S-343  sitall 
Initial 


4  -  irradiated  with  doses  of  .10 
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and 


lu“  neutrons /eras  respectively. 

A  —  RelPvive  elongation;  B  — Temperature  in 
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72.  Thermal  expansion  of  IV~23  siuall 
■  Initial 

3  "  Irradiated  with  doses  of  5  •  1018  and 
10  neutrons/cm^ ,  respectively 
A  —  Relative  elongation 
B  —  Temperature  in  °  K 


CHAPTER  TWELVE 

RADIATION-RESISTANT  MATERIALS 


Materials  capable  of  withstanding  extended  use  in  radiation  fields 
without  marked  change  in  properties  and  structure  are  called  radiation- 
resistant.  The  main  condition  determining  radiation  resistance  is  the 
slight  Interaction  of  the  atoms  of  chemical  elements  incorporated  in  the 
material  composition  with  radiation  acting  on  the  material.  In  most 
cases  materials  with  low  absorbability  for  a  given  type  of  radiation 
suffer  less  radiation  damage.  Besides  this  condition  affording  radia¬ 
tion  stability  of  material  is  the  low  stability  of  the  irradiation 
damage  produced.  For  example,  increasing  the  temperature  or  exposing  to 
other  kinds  of  radiation  under  surface  conditions  can  promote  recombina¬ 
tion,  annihilation  and  annealing  of  radiation  defects. 

At  the  present  time  no  universal  material  with  stability  in  all  phy¬ 
sical  chemical  properties  and  structure  under  conditions  of  exposure  to 
any  kinds  of  radiation  exists. 

The  proposed  classification  of  radiation-resistant  materials  provides 
for  separating  them  into  four  groups  by  properties  that  are  the  main  tech¬ 
nical  characteristics  of  the  material  and  whose  changes  in  which  would 
render  further  use  of  the  material  impossible; 

group  1  —  dielectrically  radiation-resistant  materials; 
group  2  —  chemically  radiation-resistant  materials; 
group  3  —  optically  radiation-resistant  materials;  and 

group  4  —  magnetically  radiation-resistant  materials. 

Each  of  the  groups  is  subdivided  into  several  subgroups  based  on  the 
fields  of  use  of  the  materials  (cf.  scheme). 
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[KEY  on  following  page] 


(KEY  for  scheme] 

A  —  Radiation-resistant  materials  based  on  glass,  pyroceramics,  and 
ceramics 

B  —  Dielectrically  radiation-resistant  materials 
C  —  Radio  transparent  materials  for  antenna  fairings 
D  < —  Dieli  tries  for  insulators  of  charged  particle  accelerators, 
atomic  reactors,  and  radiation  sources 
E  —  Chemically  radiation-resistant  materials 
F  —  Glasses  and  enamels  for  coating  uranium  rods 
G  —  Glasses  for  burying  decay  products 

H  —  Structural  materials  for  hot  chambers,  reactors,  and  accelerators 
X  —  Materials  for  nuclear  fuel 
J  —  Optically  radiation-resistant  materials 

K  —  Glasses  and  pyroceramlcr  not  darkening  upon  irradiation,  for  obser¬ 
vation  windows  of  not  cells,  searchlights,  spacecraft,  and  so  on 
L  —  Glasses  not  luminescing  when  irradiated,  for  photo-television  equip¬ 
ment  and  searchlights 

M  —  Glasses  free  of  effects  of  thermal  de-excitation 
M  —  Glasses  free  of  triboluminescence  defects 
0  —  Magnetically  radiation-resistant  materials 

P  —  Glasses  not  producing  electron  paramagnetic  resonance  when  Irradiated 


1.  Dielectrically  Radiation-Resistant  Materials 
Materials  for  antenna  fairings 

One  of  the  main  requirements  imposed  on  materials  used  in  fabricating 
fairings  of  rockets  Js  the  stability  of  the  dielectric  characteristics  under 
conditions  of  service  and  storage.  The  stability  of  the  guidance  system 
parameters  is  decisive  in  ensuring  the  precision  of  missile  targeting. 

Usually  quartz  glass,  quartz  glass-ceramic,  ceramic  based  on  alpha- 
corundum,  and  special-composition  pyroceramics  [1]  are  employed  for  antenna 
fairings  functioning  in  the  UHF  radio  wave  range.  All  these  materials, 
with  their  different  dielectric  permeabilities,  differ  by  a  small  value  of 
dielectric  leases  and  by  a  weak  temperature  dependence  of  dielectric  proper¬ 
ties  . 


Change  in  dielectric  properties  of  irradiated  materials  as  the  fre¬ 
quency  of  electrical  field  Is  increased  becomes  less  noticeable  (cf.  text 
page  159  [p.148]).  The  results  of  our  experiments  on  the  irradiation  of 
cordierite  pyroceramic  and  glass-ceramics  based  on  sintered  quartz  glass 
and  silica  made  it  possible  to  regard  their  dielectric  properties  as  stable 
up  to  doses  of  5  •  10^8  neutrons/cm^. 

Change  in  the  dielectric  permeability  of  materials  is  within  the 
limits  0,5  percent,  but  changes  in  dielectric  limits  remained  unrecorded  in 
all  cases  (tg  b  in  all  samples  was  less  than  'j  •  10“8),  The  absence  of 
changes  in  the  UHF  range  is  associated  with  the  fact  that  dielectric  polari¬ 
zation  and  losses  at  these  frequencies  are  determined  by  resonance  processes 
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caused  by  oscillations  of  ions  and  electrons  and  dependent  on  chemical 
bonds  between  lattice  components  at  which  radiation  has  a  comparatively 
weak  effect. 

Dielectrics  for  insulators  of  charged  particle  accelerators,  atomic 
reactors,  and  radiation  sources 

When  glasses  and  ceramics  are  used  as  insulators  for  service  with 
Irradiation,  several  undesirable  aftereffects  of  irradiation  must  be 
taken  into  account: 

1)  change  in  dielectric  permeability  and  loss; 

2)  reduced  the  electrical  resistance; 

3)  reduced  dielectric  strength 

4)  damage  caused  by  discharge  of  electrical  charge  accumulated 
in  'the  dielectric. 

The  causes  of  these  defects,  examined  in  detail  in  Chapter  Nine,  affords 
several  conclusions  about  materials  suitable  for  use  in  reactors,  accelera¬ 
tors,  hot  cells,  and  so  on. 

In  spite  of  the  fact  that  the  electrical  resistance  of  radiation-resis¬ 
tant  glasses  containing  CeO-  decreases  sharply  on  exposure  to  Ionizing  ra¬ 
diation,  and  even  though  this  degrades  their  electrical  characteristics  as 
insulators,  they  have  enhanced  breakdown  strength,  do  not  produce  discharge 
figures,  and  do  not  accumulate  space  charge,  which  in  several  cases  can  be 
decisive. 

Quartz  glass  and  materials  based  thereon  have  indisputable  advantages 
over  multi-compr nent  glasses.  When  quartz  glasses  are  used,  preference  may 
be  given  to  grales  of  glass  containing  the  smallest  amount  of  hydroxyl  (KI 
grades).  In  examining  dielectrics  resistant  to  neutrons,  one  must  consider  the 
chemical  composition  of  the  material,  since  the  presence  of  elements  with 
large  interaction  cross-sections  leads  to  intensified  radiation  damage.  Still 
we  found  [2]  that  £  and  tg  f  of  IV-23  pyroceramlcs  with  good  die¬ 
lectric  properties,  in  spite„of  its  large  lijO  content,  show  only  slight 
changes  at  a  frequency  of  10^-10?  Hz  even  after  irradiation  with  a  beam  of 
10^-9  neutrons/cm*.  At  tne  same  time  pyroceramics  of  the  lithium  aluminum- 
silicate  system  even  with  a  small  (up  to  three  percent)  content  pro¬ 

duce  an  abrupt  Jump  in  ^  and  tg  S  even  at  doses  to  10^  neutrons/ 
cs>2.  This  fact  is  related  to  the  finding  that  relaxation  processes  asso¬ 
ciated  with  the  transfer  of  labile  ions,  in  particular  alkali  ions,  repre¬ 
sent  the  main  source  of  polarization  and  losses  in  the  region  of  105  -  107 
Hz;  the  absence  of  these  ions  in  TV-23  pyroceramlc  gives  it  stability.  We 
must  note  that  changes  in  dielectric  properties  are  nonpersistent  and  are 
readily  annealed  at  fairly  low  temperatures. 

The  phase  composition  of  the  material  is  quite  significant.  Segrega¬ 
tion  of  crystalline  phases  in  lithium  aluminum-silicate  pyroceramlc  of  the 
seme  chemical  composition  leads  to  changes  in  the  Initial  dielectric  charac¬ 
teristics  and  their  resistance  to  irradiation.  In  our  case  crystalline 
phases  of  pyrocoraraics  differ  in  the  degree  of  bonding  of  alkali  ions  in 
the  structure. 
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2.  Chemically  Radiation-Resistant  Materials 
Structural  Materials 

At  present  reactor  construction  makes  wide  use  of  beryllium  oxide, 
with  favorable  nuclear  and  physicomechanical  properties.  However,  a 
key  drawback  of  BeO  is  its  weak  radiation  resistance,  stemming  from  the 
anistrophy  of  the  crystal  lattice  and  the  accumulation  of  gaseous  products 
of  nuclea^  reactions.  The  latter  factor  is  detrimental  when  BeO  is  used 
at  elevated  (above  850°  K)  temperatures,  where  it  is  especially  valuable 
as  a  heat-resistant  material.  However,  upon  irradiation  with  doses  up  to 
1019  neutrons /cm2,  changes  In  BeO  properties  are  not  observed. 

Increasing  the  stability  of  beryllium  ceramics  necessitates  obtaining 
fine-grain  products  or  using  plastic  intergranular  binder.  For  example, 
a  ceramic  made  of  98  percent  BeO  with  the  addition  of  2  percent  bentonite 
withstands  an  integral  beam  of  1021  neutrons/cm2  at  1270  -  2270°  K  [3]. 

Magnesium  oxide,  with  a  cubic  lattice,  has  definite  advantages  over 
BeO,  since  the  increase  in  its  cell  parameters  upon  Irradiation  occurs 
uniformly,  without  producing  intergranular  stresses,  though  at  high  radia¬ 
tion  temperatures  the  evolution  of  gaseous  products  of  nuclear  reactions 
also  poses  a  hazard  at  doses  of  about  102®  neutrons/cm2,  the  high-tempera- 
ture  plasticity  of  MgO  promotes  relaxation  of  stresses  induced  here  [4]. 
Nonetheless,  there  is  a  report  that  the  brittleness  of  MgO  monocrystals  ir¬ 
radiated  with  a  dose  of  4  *  1019  neutrons/cm2  rises  sharply  at  470®  K  [5]. 

At  the  present  much  effort  is  directed  toward  using  aluminum  oxide  as 
structural  materials  in  reactor  construction  owing  to  its  good  high-tem¬ 
perature  characteristics.  In  contrast  to  MgO  and  BeO,  very  weak  damage  to 
structure  is  observed  in  even  at  doses  of  5  •  lO2^  neutrons/cm2,  which 

indicates  the  intensity  of  radiation  annealing  processes  occurring  upon  ir¬ 
radiation  [6]. 

However,  the  view  is  held  that  the  high-temperature  strength  of  AljO^ 

crystals  is  not  realized  at  high  radiation  doses,  since  intergranular  co¬ 
hesion  is  disturbed  owing  to  growth  anisotropy  (even  though  limited  growth) ; 
therefore  polycrystalline  A^O.^  has  no  advantages  over  other  materials  at 

temperatures  above  870°  K  and  high  doses  [4],  monocrystals  are  free 

of  this  disadvantage,  however  obtaining  monocrystals  of  the  required  di¬ 
mensions  thus  far  involved  major  technical  difficulties,  which  results  in 
articles  made  of  AljO^  monocrystals  not  yet  finding  wide  application. 

As  remarked,  some  kinds  of  corunHum  and  inullite  ceramics  prove  to  be 
stable  at  Integral  beams  to  102®  neutrons/cm2 ,  which  can  serve  as  a  basis 
tor  their  use  in  reactors  [7]. 

Glasses  used  in  the  design  of  reactors  and  accelerators  must  have 
high  heac-resistance  and  high  softening  point,  which  is  achieved  by  adding 
a  minimum  amount  of  alkalis  (Table  37). 
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TABLE  HEAT-STABLE  RADIATION-RESISTANT  GLASS;® 


Materials  for  Nuclear  Fuel 


The  use  of  ceramic  materials  comprised  of  oxides  of  uranium  or  of 
thorium  as  nuclear  fuels  is  well  known  and  has  been  described  in  several 
articles  and  monographs  [10-13].  Much  less  studied  is  the  possible  use 
of  glasses  for  this  purpose. 

Of  definite  interest  to  nuclear  technology  is  the  use  of  glasses  con¬ 
taining  fissionable  elements.  The  advantage  of  these  glasses  when  used 
as  fuel  compared,  for  example,  with  ceramic  uranium  dioxide,  is  the  reduced 
evolution  of  gaseous  decay  products.  Ceramic  fuels  inevitably  contain 
grains  with  interfaces  facilitating  the  diffusion  of  gas  through  grains  and 
its  evolution  from  the  fuel,  which  in  turn  leads  to  the  breakdown  of  fuel 
elements.  Naturally,  in  the  absence  of  interfaces  in  glass,  the  only  possi¬ 
ble  way  that  gases  can  be  removed  from  glass  is  that  they  diffuse  through 
the  bulk  of  the  material,  a  process  which  is  much  slower. 

Besides  containing  as  large  as  possible  a  quantity  of  fissionable  ele¬ 
ment,  any  glass  intended  for  use  as  a  fuel  muat  consist  of  substances  that 
have  a  small  thermal  neutron  capture  cross-section.  Since  fission  is  at¬ 
tained  by  means  of  thermal  neutrons,  the  fuel  matrix  must  exercise  also  the 
functions  of  moderator,  and,  finally,  a  high  softening  point  is  one  of 
the  key  requirements  imposed  on  glasses  of  this  kind. 

Small  additions  of  uranium  oxides  have  Irng  been  used  In  coloring 
glasses.  We  know  of  attempts  to  formulate  glasses  containing  a  consider¬ 
able  larger  amount  of  uranium  (up  to  fifty  percent  by  weight  U073)  [14], 
bur  many  of  the  resulting  glasses  have  low  heat  resistance.  Borosilicate 
glasses  containing  50  percent  by  weight  oxides  of  uranium,  thorium,  and 
plutonium  [15],  or  boron  aluminum-phosphate  glasses  containing  these  oxides 
up  to  46  percent  by  weight  have  been  described  [16],  However,  owing  to  the 
large  capture  cross-section  of  thermal  neutrons  by  boron,  these  glasses  are 
not  of  interest  for  this  field  of  application. 


Cashin  [17]  formulated  two  types  of  glasses  containing  uranium  oxides. 
One  type  of  glass  was  prepared  by  saturating  the  porous  framework  of 
Vycor  glass  with  a  solution  of  uranium  nitrate  salt,  after  which  it  was 
heated  to  decompose  the  salt  down  to  U^Og  and  for  subsequent  consolidation 

of  the  framework.  The  other  type  of  glass  is  glass  with  the  following 
composition  (percent  by  weight)  fabricated  by  the  usual  methods:  44.98 
Si02;  8.48  A1  0  ;  13.46  Ti02;  4.49  Zr),,;  17.96  Na20;  9.87  l^Ogj  and  0.26 
Fe20^*  The  amount  of  gases  evolved  in^the  fission  of  the  uranium  in  these 

glasses  is  extremely  small,  and  the  temperature  in  the  center  of  the  glass 
sample,  as  shown  by  calculations,  is  as  much  as  1970°  K,  and  gas  bubbles 
are  collected  precisely  in  thiB  region,  which  experiences  viscous  flow. 

To  obtain  infusible  glasses,  Heyns  and  Kawson  [18]  investigated  several 
three-component  systems:  MgO  —  ThOr;  —  Zr°2»  ^2° 3  —  Be£) 

—  A1203  —  SiC2;  MgO  —  A1203  —  Si02;  Zr02  —  Al^  —  SiOjJ  MgO  — 


-  Si02;  MgO 


Zr02  —  Si02; 


Th02  —  A1203  —  Si02; 


Th02  -  MgO  - 


Th02  —  Zr02 


—  and 


Ey  blending  charges  of  silicate-sysceni  glasses  with  uranium  dioxide, 
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it  was  possible  to  dissolve  it  up  to  60  percent  by  weight.  In  addition, 
three-component  glasses  were  obtained,  which  had  U02  as  one  of  their  com¬ 
ponents.  These  compositions  are  found  in  the  systems  U02  —  AljO^  —  s*°2’ 

U02  —  MgO  ~  SiO  ;  U02  —  CaO  —  SiO  ;  UO  —  BaO  —  SiO.;  UO,  —  TiO?  -- 
Si02;  U02  —  Y^and  Si02- 

However,  all  the  experiments  were  conducted  with  a  small  (up  to  five 
mg)  amount  of  glass.  When  it  was  increased  even  to  20  £,  the  regions  of 
suitable  compositions  were  markedly  narrowed  owing  to  weakening  of  glass 
forming  ability  and  more  intense  volatility  of  the  uranium. 

Aluminum-magnesium  silicate  glasses  are  most  promising  as  solvents  of 
uranium  oxides  [19].  They  have  an  annealing  temperature  of  the  same  order 
as  for  quartz  glass  (about  1270*  K),  and  a  founding  temperature  of  1970  - 
2070*  K.  Glasses  containing  up  to  45  percent  U02  can  also  be  produced  in 

alkaline  systems  [20],  though  these  glasses  soften  at  much  lower  tempera¬ 
tures. 

To  maintain  the  maximum  amount  of  uranium  dissolved  in  glass  requires 
rapid  cooling.  Up  to  20  percent  by  weight  U02  can  be  maintained  in  several 
infusible  aluminum  silicate  glasses.  The  amount  of  UOc-  can  be  boosted  if 
the  glass  is  produced  in  fiber  form.  Moreover,  the  use  of  glass  fiber  con¬ 
siderably  reduces  the  demands  on  the  heat-resistance  of  glass.  By  enclosing 
the  fiber  in  a  heat-conductive,  for  example,  metal,  matrix,  one  can  avoid 
excessively  high  temperatures. 

An  infusible  glass  fiber  with  a  U^Og  content  of  35  percent  by  weight 

was  proposed  by  Harteck  and  Dondes  [21].  Compositions  of  glass  fiber  con¬ 
taining  along  with  uranium  another  fissionable  element  -  thorium  —  are 
known  [22].  Glass  fiber  1  micron  in  diameter  containing  10  percent  U^Og 
(enriched  to  93  percent  1^35)  and  25  micron  in  diameter  containing 
35  percent  U^Og  withstood  6  months  in  a  beam  of  2  •  10^  neutrons/cm^  ■  sac 

without  visible  damage  [22],  Glass  beads  also  possess  this  advantage.  The 
following  glass  composition  has  been  proposed  for  their  manufacture  (percent 
by  weight):  25  -  35  Si02;  5-10  Zr02;  0-20  Ti02;  2-5  MgO;  0-5  BeO; 

0-15  ZnO;  and  20  -  45  U02  <Th02)  [23]. 

When  homogenous  glass  containing  uranium  dioxide  underwent  heat  treat¬ 
ment,  U02  was  liberated  from  the  solution  in  a  reducing  or  neutral  medium. 

The  resulting  material  contained  U02  crystals,  Several  microns  in  diameter 

and  dispersed  within  the  bulk  of  the  crystallized  glass  [19].  Thus,  heat 
treatment  fa  a  method  of  producing  fuel  in  the  form  of  a  dispersed  phase 
with  particles  not  exceeding  5  microns  in  diameter. 

Of  interest  in  homogenous  high-temperature  reactors  is  the  use  of 
melcs  of  oxides  as  a  matrix  for  the  distribution  of  nuclear  fuel.  The 
region  in  which  this  melt  exists  must  be  quite  extensive.  In  the  field 
of  maximum  operating  temperatures  (above  2270s  K)  processes  such  as 
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selective  vaporization,  chemical  reactions  with  the  atmosphere,  liquation, 
dissociation,  and  so  on  must  not  exceed  the  allowable  rates.  At  the  same 
time  the  melt-initiation  temperature  must  not  be  too  high  in  order  to  ensure 
favorable  operating  conditions  (homogenization  and  removal  of  gases)  with 
low  thermal  productivity. 

In  spite  of  the  high  temperature  in  the  core,  the  reactor  walls  through 
which  heat  is  removed  are  protected  against  corrosion  with  a  layer  of  har¬ 
dened  slag  lining. 

To  use  a  melt  for  fuel  distribution,  the  matrix  mu3t  fulfill  the  func¬ 
tions  of  a  moderator,  just  as  in  the  case  of  glass.  Table  38  gives  the 
thermal  and  nuclear  characteristics  of  several  oxides  [27]. 

From  Table  38  data,  BeO,  ZrO^,  and  A^O^  are  the  most  suitable  for  use. 

Oxides  of  magnesium  and  silicon  cannot  be  used  owing  to  the  low  temperature 
in  which  the  melt  exists.  However,  the  high  melting  point  of  BeO,  ZrC^,  and 

raised  the  threat  of  the  melt  crystallizing  as  the  thermal  capacity  of 

the  reactor  is  reduced.  Best  results  are  given  by  mixtures  of  nonvolatile 
oxides  with  a  lower  melting  point  than  pure  oxides.  For  example,  BeO  -  ZrCL 
MgO  (the  melting  point  of  the  eutectic  is  1910°  K) . 


TABLE  38.  MODERATING  AND  THERMAL  PROPERTIES  OF  OXIDES 
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Remark.  £  is  the  mean  logarithm  of  the  energy 
decrease;  is  the  absorption  cross-section;  and 

£  is  the  scattering  cross-section 

w 

KEY:  A  —  Oxide 

B  —  Density  in  g/cnr  1 

C  —  Moderating  ability  n,  in  cm 
D  —  Moderating  ratio 
E  —  Temperature  in  #  K 
F  —  melting  point 
G  —  Boiling  point 

H  —  Thermal  conductivity  at  1870°  K  in  w/m  •  deg 
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Calculated  determinations  of  the  critical  parameters  of  the  homo¬ 
genous  reaction  with  a  melt  core  showed  that  the  UO^  concentration  needed 

to  sustain  the  fission  process  is  0.5  -  3  percent  by  weight. 

An  application  of  glasses  as  a  matrix  for  introducing  measured  amounts 
of  radioactive  additives  (or  additives  subsequently  activated  by  irradia¬ 
tion)  is  known.  For  this  use  compositions  not  producing  radioactivity  of 
themselves  for  yielding  short-lived  isotopes,  for  example  the  following  com¬ 
positions  (in  percent  by  weight)  are  used:  40  -  50  SiO^;  10  -  25  Al^O^;  15  - 

35  R0;  0-15  TiO^;  0-15  Fe20  •  anc*  ®  “  5  F'.  Oxides  of  chromium,  scan¬ 
dium,  and  zinc  are  the  additives  for  this  glass  [25]. 

Materials  for  binding  radioactive  wastes 

Glasses  used  as  binders  for  radioactive  wastes  must  meet  specific 
requirements: 

1)  The  wastes  must  be  in  the  form  of  a  solid,  and  not  a  powder; 

2)  The  radioactive  components  must  not  be  leachable;  and 

3)  The  solid  must  not  disintegrate  on  undergoing  internal  irra¬ 
diation  and  exposure  to  external  corrosive  agents  when  stored 
for  100  -  1000  years. 

From  the  viewpoint  of  facilitating  the  assimilation  of  wastes,  usually 
uranium  or  its  alloy  with  aluminum,  glass  must  be  founded  at  the  lowest 
possible  temperature;  in  this  case  the  service  life  of  glass-making  furnaces, 
remote-controlled,  is  prolonged;  repairing  them  poses  some  difficulty. 

Grover  and  Chidley  [26]  propose  compositions  with  a  founding  temperature  of 
1370  -  1520°  K,  for  example,  CaO  -  *  A^2°3  "  ^ ^  S102’  composi¬ 

tion  has  adequate  chemical  stability.  It  is  necessary  to  Increase  the 
amount  of  Al^^  without  raising  the  founding  temperature  up  to  10  percent 

Na^  must  be  added. 

These  same  authors  recommended  a  glass  with  the  following  composi¬ 
tion  (in  percent  by  weight)  for  binding  degraded  uranium:  15  -  20  U^Ogj 

14  -  22  Fe2C3;  9-23  AlgO  ;  25  -  45  Si02;  3-9  Na20;  and  7-25  B^. 

The  first  three-components  are  radioactive.  The  best  chemical  stability 
is  observed  for  the  following  ratio  of  components:  40  -  55  percent  Si02; 

10  -  20  percent  Na^^O^,  30  -  40  percent  wastes.  The  chemical  stability 

of  these  glasses,  judging  from  the  data  of  the  authors  [26],  remains  un¬ 
changed  after  irradiation  with  a  dose  of  10^  rad. 

One  method  of  removing  liquid  radioactive  wastes  is  absorbing  liquids 
in  dry  clay.  Subsequent  drying  and  calcining  produces  a  ceramic  that  has 
varying  porosity,  strength,  and  chemical  stability  depending  on  the  condi¬ 
tions  of  clay  production  and  composition  [27]. 
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Materials  for  fuel  element  shielding 

Glasses  and  enamels  can  be  shielding  materials  protecting  fuel  elements 
fabricated  of  metallic  uranium  and  its  oxideB  against  corrosive  exposure. 
These  glasses  must  satisfy  a  number  of  requirements. 

1)  high  chemical  resistance  to  corrosive  exposure  by  liquid  and  gaseous 
agents ; 

2)  high  radiation  resistance; 

3)  coefficient  of  thermal  expansion  in  accord  with  the  material;  and 

4)  minimum  absorption  of  neutrons  by  the  glass  or  enamel  layer. 

Phosphate  glasses  containing  1-9  percent  alkali  metals  can  be  used 
for  these  purposes:  25  -  40  percent  BaO;  1-4  percent  A^O^j  and  55  -  65 

percent  P?0,,  The  coefficient  of  expansion  of  these  glasses  is  close  to 

that  for  uranium,  200  '  10  deg  in  the  temperature  range  to  920°  K  [28], 

The  glass  film  prevents  formation  of  easily  removed  flakes  of  uranium 
oxides. 


3.  Optically  Radiation-Resistant  Materials 

The  inception  of  atomic  power  engineering,  expanded  researcu  in  nuclear 
physics,  space  exploration,  advances  in  radioche»istry  and  the  development 
and  introduction  of  new  radiochemical  and  radiospectroscopic  methods  of  in¬ 
vestigating  structure  required  specialized  glasses  with  usually  unknown  com¬ 
binations  of  physico-technical  properties. 

Depending  on  the  purposes  for  wnich  glasses  are  used,  either  the  reten¬ 
tion  of  these  properties  after  irradiation  or  their  predictable  variation 
is  essential.  For  example,  for  inspection  windows  and  optical  instruments 
exposed  to  radiation,  invariability  of  the  optical  characteristics  of  glasses 
when  Irradiated  is  required.  In  contrast,  requirements  of  variation  in 
given  optical  characteristics  upon  irradiation  are  imposed  on  glasses  used 
in  radiation  dosimetry. 

We  know  that  irradiating  glass  initiates  processes  leading  to  changes 
first  of  all  of  its  spectral  and  optical  characteristics.  A  result  of  the 
interaction  of  radiation  with  glass  is  the  formation  of  color  centers  and 
paramagnetic  centers,  luminescence,  thermal  de-excitation,  and  tribolumin- 
escence.  All  these  changes  can  render  impossible  further  service  of  the 
glass  for  visual  observations  as  well  as  for  the  performance  of  photo-  and 
television  equipment. 


Glasses  not  darkening  when  irradiated 

To  prevent  color  centers  in  the  visible  spectral  region  from  forming, 
usually  to  the  glass  composition  are  added  elements  with  active  donor- 
acceptor  properties.  Adding  these  elements  leads  to  the  formation  of  color 
centers  not  absorbing  ir.  the  visible  but  In  other  spectral  regions. 
Polyvalent  elements  —  antimony,  bismuth,  and  cerium  have  these  properties. 
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TABLE  39.  COMPOSITIONS  OF  OPTICALLY  RADIATION-RESISTANT  GLASSES  {28] 
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Host  effective  from  the  standpoint  of  reduced  color  center  formation 
upon  irradiation  are  cerium  ions.  At.  the  present  time,  in  producing  vir¬ 
tually  all  types  of  optical  glasses  on  which  requirements  of  constancy  of 
light  transmission  in  the  visible  spectral  region  when  Irradiated  are  im¬ 
posed,  cerium  oxide  is  added  to  the  glass  compositions  [29  -  35]. 

The  mechanism  of  preventing  coloration  in  glass  on  exposure  to  gamma- 
rays  in  the  presence  of  small  amounts  of  cerium  oxide  additives  involves 
the  ability  of  cerium  to  easily  change  its  valency.  Light  transmission  of 
glasses  containing  cerium  dioxide  in  their  composition  remains  practically 
unchanged  after  irradiation  with  gamma-ray  doses  up  to  10®  r. 

Table  39  presents  several  glass  compositions  that  are  optically  re¬ 
sistant  to  gamma-radiation. 

Based  on  series-produced  glasses  of  the  optical  catalog,  the  State 
Optical  Insitute  developed  and  industry  has  been  manufacturing  radiation- 
resistant  glasses.  The  names  of  these  glasses  and  their  radiation  re¬ 
sistance  are  given  in  Table  40. 

Glasses  containing  more  than  one  percent  by  weight  Ce02  are  yellowish. 

Glasses  containing,  in  addition  to  CeO^  oxides  of  heavy  metals  (BaO  oi 
SbjO.)  have  more  intense  color  due  to  the  higher  proportion  of  Ce^+  [38]. 
The  presence  in  glass  compositions  of  antimony  and  arsenic  lone  weakens  the 
stabilizing  action  of  cerium  ions. 

Quartz  glass  has  a  noteworthy  place  in  the  class  of  optically  radiation 
resistant  glasses.  At  present  in  all  technically  advanced  countries  there 
are  organizations  engaged  in  scientific  research  and  technological  develop¬ 
ment  of  quartz  glass.  As  the  result  of  the  combined  work  by  researchers 
and  technologists,  several  kinds  of  transparent  quartz  glass  have  been  formu 
lated,  and  articles  made  of  these  glasses  are  being  produced  comercially. 

There  is  a  classification  of  transparent  quartz  glass,  whose  commercial 
grades  are  given  in  Table  41. 

Type  I  glass  is  manufactured  by  melting  the  charge  in  vacuum  or  vacuum- 
compression  electric  furnaces.  These  glasses  do  not  have  absorption  bands 
in  the  2700  nm  region  owing  to  the  absence  of  hydroxyl  groups.  However, 
glasses  of  this  type  are  not  radiation-resistant.  Their  light  transmission 
is  significantly  decreased  upon  irradiation  with  doses  of  10-*  -  10^  r. 

Type  11  glasses  are  prepared  by  fusing  the  charge  in  gas  furnaces  in 
a  hydrogen-oxygen  burner.  Glasses  of  this  type  are  virtually  no  change 
in  light  transmission  when  irradiated  with  doses  up  to  10®  r. 

Type  III  glasses  are  prepared  by  high-temperature  hydrolysis  of  a  vola¬ 
tile  silicon  compounds.  They  are  characterized  by  high  purity,  a  hydroxyl 
group  content  up  to  0.12  percent,  and  high  transmission  in  the  ultraviolet 
spectral  region. 
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TABLE  40.  RADIATIQN-OFTICAL  RESISTANCE  OF  CERTAIN  GLASSES 
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KEY:  1  —  Glass  grade 

2  —  Increment  in  optical  density  when  irradiated  with 

a  dose  of  10^  r,  in  cm”* 

3  —  LK-105 
•*  —  LK-104 

5  —  BX-106 

6  —  BK-108 

7  —  BK-110 

8  —  KF-104 

9  —  KF-106 

10  —  BF-106 

11  —  BF-107 

12  —  BF-108 

13  —  BF-111 

14  —  BF-112 

15  --  BF-117 

16  —  LF-105 

17  —  LF-111 

18  —  F-101 

19  —  F-104 

20  —  F-108 

21  —  F-113 

22  —  TF-101 

23  —  TF-102 
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25  —  OF- 101 


197  - 


TABLE  41.  GRADES  OF  QUARTZ  GLASS 
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f  1(1.11 .1 

>  i 

l» 

TZEl 

_!_ _ lv 

Alll.'l  Hll^ 

.IR-Vitreosil 

OV.Vitroosil, 

}  Spuclrosil 

1 

i  Spectrosil 

P 

OI!-Vitrcosil 

1  wr 

Piirsil  453 

Pursil 

Pur  si  1  ultra 

i  Tclrasil 

i 

l 

i 

Rursil  opfiquc 

1 

1 

<i>pr  r. 

— 

•  - 

!  Suprasil 

CIIIA  .  . 

F 

201,204 

;  7910 

1 

i  7943 

1 

KEY;  A  —  Country 

B  —  Type  of  glass 
C  —  United  Kingdom 
D  —  France 
E  —  FRG 

F  —  United  States 


Type  IV  glass  is  prepared  by  direct  oxidation  of  silicon  tetrachloride. 
Glasses  of  this  type  are  not  yet  produced  commercially. 

The  light  transmission  of  type  II  and  IV  classes  undergoes  virtually 
no  change  upon  irradiation  with  doses  up  to  10^  r.  For  example,  the  light 
transmission  of  the  quartz  glass  Suprasil  remains  unchanged  when  irradiated 
with  a  dose  corresponding  to  the  dose  acting  on  an  artificial  satellite  in 
earth  orbit  for  a  year  139]. 

The  radiation-optical  resistance  of  quartz  glasses  depends  evidently 
on  the  hydrogen  present  in  the  hydroxyl  groups  as  well  as  in  the  free  state. 
Heat  treatment  of  KI  quartz  glass  conducted  in  a  hydrogen  atmosphere 
f>~nhxed  us  to  boost  its  radiation-optical  resistance.  Results  of  compara¬ 
tive  studies  of  the  irradiation-optical  resistance  of  initial  KI  quartz 
glass  and  in  the  same  glass  when  treated  with  hydrogen  are  given  in  Table 
42. 


TABLE  42.  EFFECTIVE  TREATMENT  IN  H1DR0GEN  ON  RADIATION- 
OPTICAL  RESISTANCE  OF  QUARTZ  GLASS 


flii/l  oG^yiriniw  1 


I  g  o  '-Ti  MJinfiycWll!*  *•  A/*  UTCK/I.i 
}  C  I'f  >  'in<»ro  I  »jGp;ifior.i»|||nro 


Pcirmioru.:  •iiyin  .F. 


KEY:  A  —  Kind  of  irradiation  G  —  initial 

B  —  Light  transmission  in  D  —  treated 

percent  of  glass  as  listed  E  —  gaimna-raya 

F  —  x-rays 
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By  selecting  the  temperature  regime  for  the  processing  of  KI  quartz 
glass,  one  can  provide  conditions  under  which  no  hydroxyl  groups  are 
formed  in  the  glass  and  the  light  transmission  in  the  infrared  region  is 
not  degraded. 


Radiation-resistant  glasses  with  low  luminescence  level 

Series-produced  optically  radiation-resistant  glasses  of  grades  K-108 
and  K-208,  by  withstanding  large  radiation  doses  without  noticeable  change 
in  optical  density,  exhibit  very  Intense  photoluminescence.  The  luminescence 
of  these  glasses  is  determined  by  cerium  ions  present  in  the  glass  and  serv¬ 
ing  as  an  activator. 


0 


t'ig.  73,  Luminescence  of  glasses  when  excited  with  light 
at  the  wavelength  indicated: 

A  —  3.10  nm 
B  —  250  nm 

1  —  SK  glass 

2  —  K-108  glass 

3  —  KRL  glass 

KEY:  A  —  Intensity  in  relative  units 
B  --  Wavelength  in  nm 


The  requirements  of  enhanced  radiation-optical  resistance  and  slow 
luminescence  are  most  fully  satisfied  by  a  grade  KRL  optical  quartz  glass. 
However,  even  this  glass  manifests  quite  Intense  luminescence  when  irra¬ 
diated  with  protons  and  electrons  and  also  when  excited  with  light  at  a  wave¬ 
length  of  250  nm. 

Our  systematic  studies  of  the  eifecl  polyvalent  ions  have  on  rudintion- 
optical  resistance  and  luminescence  of  cerium-containing  glasses  enable  us 
to  develop  a  glass  with  the  following  complex  of  properties: 

1)  resistant  to  gamma-ray  Hoses  up  to  ICp  r; 

2)  photoluminescence  that  is  two  orders  smaller  than  the  photo¬ 
luminescence  of  commercial  K-108  radiation-resistant  glass, 
nearly  30  times  less  than  for  KRL  quartz  glass; 
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3)  glasses  free  of  the  thermal  de-excitation  effect;  and 

4)  luminescence  of  glass  when  excited  with  protons  and  electrons 
is  50  times  less  than  the  radioluminescence  of  quartz  glasses. 

Radiation-optical  and  luminescence  properties  of  this  glass  are  given 
in  Table  43  and  Figs.  73-74. 


Fig,  74  -  Thermal  de-excitation  of  the  following 
glasses 

1  —  a  and  b  _ 

2  —  K-108  glass  when  irradiated  with  doses  of  107 

C 

and  1.5  *  10  r,  respectively  . 

3  —  SK  glt-vd  when  irradiated  with  doses  of  107  r 
KEY:  A  —  Intensity  in  relative  units 

B  —  Temperature  in  *  K 


Glasses  with  low  thermal  de-excitation  level 

As  stated  above,  requirements  that  thermal  de-excitation  be  absent 
can  be  Imposed  on  certain  glasses,  in  addition  to  enhanced  radiation-opti¬ 
cal  resistance,  since  when  radiation  Interacts  with  glass,  some  of  the  ab¬ 
sorbed  energy  stored  In  the  glass  at  metastable  energy  levels  of  structure 
defects  and  impurity  ions  in  the  form  of  color  centers  can  be  emitted  as 
light  quanta  when  they  are  exposed  to  external  stimulating  factors. 

At  present  radiation-resistant  glasses  free  of  thermal  de-excitation 
are  available.  Light  transmission  cf  these  glasses  remains  unchanged  after 
gamma-irradiation  with  doses  up  to  10^  r,  and  they  are  free  of  the  thermal 
dc-excitation  effect.  This  group  of  glasses  must  also  embrace  glasses  of 
the  SK  class,  which  also  retain  light  transmission  when  gamma-irradiated  with 
doses  of  up  to  10^  r  and  which  do  not  produce  thermal  de-excitation  when  ex¬ 
posed  to  high  and  low  temperatures. 
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TABLE  43.  RADIATION-OPTICAL  RESISTANCE  AND  RADIOLUMINESCENCE 


A 

Mapfca  CTt’H'in 

I  J5  1  1!  ■PTiii  i:'»i  Hi  rot  imiii;i  jj 

HllTfl  IMIfll.llW  j  >v„ol|ll, tip,, 

j  i  lit-  *M\  *,1(11,111  /!T 

c 1 

^  1  WcliiMI 

rj>  cf'.iy  *  i«  p  pi 

•i  •'null  1  1 

f  ;  <5 

npOTOli.TMH  {  3JICKT  pOIIAMlf 

1 

j  in*  |  im  j  in- 

H  CK  00  |  Ou  1  #0  ••  «7 

K- 108  41  i  01  j  'I  82 

I  KP.n  !  yu  i  02  1  02  ;  02 

!  Ill 

J"  Me  oCiiapyweiia 
n  He  oiipcaMH.naci. 

5  j  5,5 

KEY:  A  — 
B  •— 
C  — 
D  — 
E  — 

F  — 
G  — 
H  — 

I  — 

J  — 
K.  — 


Glass  grade 

Integral  light  transmission  in  percent 
before  Irradiation 

after  gamma-irradiation  with  listed  doses,  in  r 

Intensity  of  luminescence  in  relative  units  after 

excitation  by  listed  particles 

protons 

electrons 

SK 

KRL 

N  not  detected 
N  not  determined 


4,  Magnetically  Radiation-Resistant  Materials 

To  conduct  structural  studies  of  liquid  and  powered  organic  and  in¬ 
organic  materials  by  radiospectroscopy,  glass  ampules  are  needed  meeting 
the  fallowing  requirements:  their  light  transmission  when  the  ampules  are 
exposed  to  penetrating  radiation  remains  unchanged  and  the  ampules  do  not 
produce  an  electron  paramagnetic  resonance  (EPK)  signal  at  g»2. 

Resonance- free  glasses 

The  glasses  Luch-1  and  Luch-II  meet  the  above  requirements  [40] ;  these 
glasses  suffer  no  change  in  light  transmission  and  do  not  produce  an  elec¬ 
tron  paramagnetic  resonance  signal  after  exposure  to  penetrating  radiation. 
Compositions  of  these  glasses  are  given  in  Table  40,  and  their  optical  and 
radiation-magnetic  properties  are  given  Table  45, 
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TABLE  44.  COMPOSITION  OF  RESONANCE-FREE  GLASSES 


C .  i'h/1,1 

COt7..1'  »  Off.  % 

SiO|  j  A1|0« 

|  UO 

|  j  I'f.o,  |  V  |  ItaO  1  11,0,  j  CcO, 

47,63  !  8,08 ' 

0,!l 

i  !  i  i  i 

—  ;  —  ;  —  ,  30,381  13.3  0,8 

64,00  |  18,11 

14,93 

2,87  j  0,4  J  4  |  -  j  —  |  0,4 

KEY;  A  —  Glass  grade 

B  —  Composition  in  percent  by  weight 
C  —  Luch-I 
D  —  Luch-I I 


TABLE  4b.  CHARACTERISTICS  JF  RADIATION-FREE  GLASSES 


MlpKi 

OCK/U 


OlCKTpU  3HI*  CTCi  nn  JtpH  ,".nn«  10'  p  H  M 

t»iuypc  it  *K  D  Muff  rpurtbnrif 

1X1  X>  !  CDCTOnpOMycr.aHIK* 

"  I  *  %  y— 
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£  i  P  ■mr.'.Sw  '''•  ">"»$  |  F"  I  <? 

IlirKTpj  ;  HMTiUV  MMlf-  I  3|  j|*  HI**  H-I'T  !  ViyiVHHM 

1  I’OM  JfMH/tr  *  ,,  „  j  /‘fifitj  i  ,,I,H  W9  ft 


3111'  H  '/ 


H 

•j Jys-I  »  \ 

C.ii^irun  3IIP  no  oOi.v1 

50  1 

4- 10'* 

89 

82 

X 

pywcuo 

1  To  WC  K  ! 

00  J 

M0" 

80 

j  86 

KEY:  A  — 

Grade  of  glass 

B  —  EPR  spectra  of  glasses  at  a  dose  of  10 
and  indicated  temperatures  in  °K 
C  —  Width  of  EPH  spectra  in  oersteds 
D  —  number  of  paramagnetic  centers,  PMC/g 
E  —  Integral  light  transmission  in  ^ 

F  —  prior  to  irradiation  „ 

G  —  after  irradiation  with  a  dose  of  10 1  r 
H  —  Luch-I  I  —  Luch-I I 

J  —  EPR  signal  not  detected  K  —  As  above 


The  EPR  signal  is  virtually  absent  also  in  the  SK-4B  glass  we 
formulated.  This  glass  does  not  yield  an  electron  paramagnetic  signal 
at  radiation  doses  to  1010  r  in  the  77-300°  K  range. 
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CHAPTER  THIRTEEN 


MATERIALS  SENSITIVE,  TO  RADIATION 


Dosimetry  is  based  on  the  laws  of  the  passage  of  charged  particles, 
x-  or  gamma-rays,  and  neutrons  through  matter.  All  these  processes  are 
accompanied  by  the  absorption  of  radiation  energy  and  ionization  of  the 
medium. 

Materials  used  for  dosimetry  must  have  regular  variation  in  given 
properties  as  a  function  of  absorbed  dose.  Crystals,  liquids,  and  glasses 
are  employed  as  materials  for  dosimetry. 

The  proposed  classification  of  glasses  for  dosimetry  (cf.  scheme) 
provides  for  their  segregation  into  four  groups  by  physical  processes  on 
which  the  determination  of  the  absorbed  dose  is  based; 

group  I  —  glasses  for  dosimetry  in  the  optical  range  and  radio  range; 

group  II  —  scintillating  glasses; 

group  III  —  glasses  for  activated  dosimeters;  and 

group  IV  —  glasses  for  luminescent  dosimeters. 


1.  Classes  for  Dosimetry  ir.  the  Optical  Range 

Glasses  for  dosimetry  in  the  optical  range  — •  absorption  dosimeters  — 
are  based  on  the  effect  of  glass  darkening  when  exposed  to  radiation. 

Glasses  used  in  absorption  dosimeters  must  insure  the  linear  dependence  of 
absorption  on  the  radiation  dose.  The  Bausch-Lomb  Company  (United  States) 
produces  F-0621  glass,  capable  of  determining  radiaticn  doses  from  several 
hundreds  of  roentgens  to  106  r  [1],  This  glass  has  the  following  composi' 
tlon  (percent  by  weight):  62.6  SiC^;  10,6  MaO;  20.7  b2°3’  ^  ^2^3'  C°2°3' 

The  absorption  coefficient  of  this  glass  ub  a  function  of  radiation 
dose  all  the  way  up  to  10^  r  varies  linearly,  and  with  a  further  rise  in 
radiation  dose  the  sensitivity  of  the  glass  Is  diminished. 
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on  following  page] 


(KEY  to  scheme  presented  on  preceding  page) 


A  —  Materials  sensitive  to  radiation 

*5  —  Glasses  for  dosimetry  in  the  optical  range  and  radio  range 

C  —  Scintillating  glasses 

D  —  Glasses  for  activated  dosimeters 

E  —  Glasses  for  luminescent  dosimetry 

F  —  Glasses  for  personal  radiation  dosimeters 

G  —  Glasses  for  charged-particle  counters 

H  —  Glasses  for  thermal  neutron  dosimetry 

I  —  Glasses  exhibiting  increased  effect  of  stimulated  thermal 
luminescence 

J  —  Glasses  for  dosimetry  of  high  doses  of  gamma-radiation 
K  —  Glasses  for  detecting  neutrons 
L  —  Glasses  for  dosimetry  of  fast  neutrons 

M  —  Glassed  exhibiting  enhanced  property  of  stimulated  tribolumines- 
cence 

N  —  Glasses  for  paramagnetic  dosimetry 
0  —  Glasses  for  gamma-quanta  counters 

P  —  Glasses  exhibiting  Increased  effect  of  stimulated  photoluminescence 
Q  —  Glasses  for  Cerenkov  counters 


Adding  a  coloring  alkali  to  silicate  glass  yielded  a  dosimetric  glass 
with  stable  induced  absorption  spectra  [2-6].  For  example,  glass  con¬ 
taining  the  following  (percent  by  weight)  has  a  stable  induced  spectrum: 


70  S102,  18  Na  0,  lOCaO,  lMgO,  1  B„0.  with  the  addition  of  about  0.5  percent 
Co203  [7].  2  J 


Combined  addition  of  several  variable-valency  ions,  for  example  MnO  , 
Fe^^,  SnO^*  yields  on  exposure  to  radiation  stable  coloring  and  enhanced 

sensitivity  to  low  radiation  doses.  Adding  V20,.  and  to  glasses 

containing  Mr02  also  increases  sensitivity  to  weak  radiation  doses.  These 

oxides  slow  down  the  decolorizing  of  a  glass  after  irradiation,  but  to  a 
lesser  extent  than  Fe.O  and  Sn02*  The  amount  of  oxides  added  is  as  follows 
(in  percent  by  weight):  0.3  MnO;  0.05  —  0.3  Fe^^;  0.5  —  4  Sn02  or 

0.3  —  2  MnO;  0.2  -  2  and  0.02  -  0.2  CrjOy  Manganese  is  added  to 

the  glass  composition  as  the  chlorides;  iron  —  as  tin  —  as  Sn02 


and  anadium  —  as  (4-6).  Glasses  containing  a  large  amount  of 

antimony  are  promising^ir  dosimetry  (8).  Adding  oxides  of  cobalt,  arsenic, 
and  manganese  to  a  glass  containing  antimony  enables  it  to  be  used  in  dosi¬ 
metry  for  exposure  to  high  radiation  doses  (10^  -  10^  r)  (9). 


2.  Glasses  for  Luminescent  Dosimetry 

Luminescent  dosimeters  are  used  for  personal  dosimetry  of  gamma-  and 
x-ray  irradiation  in  the  does  range  from  several  biologit.il  equivalent- 
roentgens  to  600-o00  ber. 
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Photoluminescent  dosimeters 


Glasses  used  in  luminescent  dosimeters  must  ensure  the  linear  depen¬ 
dence  of  the  luminescent  intensity  on  the  radiation  dose.  Phosphate 
Corning  glass  9761  activated  with  silver  and  with  the  following  composi¬ 
tion  (in  parts  by  weight)  is  used  for  these  purposes:  50  A1(P0^)^,  25  Ba 
C5PO3) 2 •  25  KP03,  and  8  AgPOj.  This  glass  exhibits  orange  luminescence  when 
excited  with  ultraviolet  light  at  a  wavelength  of  about  340  nm.  However, 
it  reduces  its  sensitivity  as  the  energy  of  x-  and  gamma-radiation  is  in¬ 
tensified.  To  ensure  sensitivity  uniform  over  the  energy  spectrum,  a  glass 
with  the  following  composition  (in  parts  by  weight)  is  used:  50  A1(P03)-}, 

25  Mg(P03)2,  25  LiP03>  8  AgP03  [1]. 

In  Japan  [10]  a  phosphate  glass  activated  with  silver  and  containing 
a  large  amount  of  lithium  and  some  boron  has  been  produced.  Seven  glasses 
have  been  synthesized,  of  which  the  most  interesting  is  a  glass  with  the 
composition  (in  parts  by  weight)  as  follows:  50  LiPC^,  50  AI^PO^)^  with 

additives  of  AgPO^  and  ^O^.  This  glass  is  highly  sensitive  to  thermal 

neutrons  and  gamma-rays.  A  composition  of  the  charge  for  a  similar  Austrian 
glass  (in  parts  by  weight)  is  as  follows:  6  AL(OH)^,  7  LiOH,  3 

63  -  75  H„PO  ,  4-5  AgNO  ;  it  is  presented  in  a  patent  [11].  The  studies 
[12-18]  deal  with  the  formulation  of  radio  photoluminescent  dosimetric 
systems  based  on  phosphate  glasses  containing  silver. 

Dosimeters  based  on  glasses  with  heat-stimulated  luminescence 

In  making  personal  radiation  dosimeters,  especially  in  the  low-dose 
range,  much  interest  lies  in  glasses  exhibiting  the  property  to  store 
energy  on  exposure  to  various  kinds  of  radiation,  and  then  upon  external 
stimulation  to  emit  it  in  the  form  of  light.  Ordinarily  temperature  is  used 
as  the  external  stimulus,  which  gives  rise  to  the  phenomenon  of  thermal 
deexcitation.  The  thermal  de-excitation  effect  permits  the  attainment  of 
high  sensitivity  and  the  measurement  of  doses  over  a  wide  range. 

The  overall  light  yield  for  glass  dosimeters  evidently  will  always 
be  smaller  than  for  crystal  phosphors.  However,  glass  dosimeters  can 
have  their  own  advantages.  They  can  be  made  in  practically  any  size  and 
are  marked  by  high  uniformity,  high  chemical  resistance,  enhanced  mechani¬ 
cal  strength,  and  low  cost  in  mass  production. 

Dosimeters  based  on  glass  with  the  thermal-excitation  effect  have 
found  practical  application  as  personal  dosimeters  with  a  wide  period  of 
working  exposure.  The  following  composition  of  glasses  [19]  activated  with 
manganese  (in  mole  percent)  are  recommended: 

1)  50A1JCV3PA, 

2)  50AiA,.3PA. 

3)  50Al,O3-3PA. 
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oOLuO-PA; 

50MgO-PA; 

OOSrO  ■  PA. 


Glasses  containing  several  alkaline-earth  elements  have  been  pro¬ 
posed  (20]  (in  percent  by  weight):  82  -  90  P  0  ,  ®  MgO,  3-12  SrO, 

3-8  A1203,  0  -  2  ?b0,  0-2  Na20,  0-3  Up,  and  activated  with  0.5  - 

0.15  MnO. 


3.  Scintillating  Glasses 

Scintillation  Is  a  short-term  weak  flash  of  light  produced  by  indi¬ 
viduals  and  photons  when  absorbed  in  a  medium  capable  of  luminescing. 
Both  crystalline  and  glassy  materials  can  be  used  as  an  appropriate  med¬ 
ium. 


Scintillating  glasses  for  gamma-spectromcters 

The  well  known  solid  inorganic  scintillators  are  crystalline  in  struc¬ 
ture.  Nal(Tl)  and  KI(Ti)  monocrystals  are  successfully  used  in  recording 
gamma-radiation.  Also,  certain  inorganic  compounds  not  classified  as  mono¬ 
crystal  or  crystalline  powders  exhibit  appreciable  light  yield. 

Several  photo luminescent  glasses  prove  to  be  quite  effective  scintilla¬ 
tors.  In  producing  glasses  scintillating  on  exposure  to  gamma-radiation, 
cerium  is  used  as  an  activator.  It  produces  a  luminescence  in  silicate 
glasses  lying  in  the  range  of  maximum  sensitivity  of  the  most  common  photo¬ 
multipliers  with  antimony-cesium  photocathodes. 

A  glass  with  a  composition  3.5  BaO  *  ®2°3  '  3.5  Si02  •  0.4  ex¬ 

hibits  bright  blue  photoluminescence.  S3-56  and  3-56-8  glasses  are  quite 
good  In  their  luminescent  properties  and  suitable  for  protecting  gamma- 
radiation  (Table  46).  The  scintillation  efficiency  of  these  glasses  when 
excited  with  scattered  gamma-rays  from  a  CobU  source  is  2  -  3  percent  com¬ 
pared  to  a  Nal(Fe)  crystal. 

Table  46.  COMPOSITION  OF  SCINTILLATING  GLASSES  [19]. 


"  A 

CoCTPti  i 

1  J1CC.  % 

B 

mc  i./ia 

sio.2 

* 

Ba<> 

i 

!  U.O 

11,0, 

i 

1  CcO^ 

! 

1  NH,F* 

1 

err  a  C 

77,14 

ir.,  s:; 

0,43 

3 

0,08 

2 

3- on  k 

01,81 

lb, 71 

11,  OR 

1 

7,20 

0,08 

2 

* Above  100  percent. 

KEY:  A  — “  Glass  grade 

B  —  Composition  in  percent  by  weight 
C  —  S3-56 


The  scintillation  efficiency  of  these  glasses  can  be  enhanced  by 
using  ultrapure  materials.  A  glass  with  a  high  silica  content  activa¬ 
ted  with  cerium  is  most  efficient.  The  amplitude  of  pulses  received 
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when  this  glass  is  used  is  1C  percent  of  the  pulses  fed  into  the  crystal. 
Glasses  with  the  following  most  effective  composition  are  recommended: 

Na20  •  0.3  CeO?  -3-4  (B^;  Si02)  •  1-1.3  Al^. 

Glasses  for  detecting  neutrons 

Glass  for  detecting  slow  neutrons  must  contain  enough  lithium  or  boron. 
We  can  anticipate  that  the  ratio  of  light  yield  for  excitation  with  elec¬ 
trons  to  the  light  yield  for  excitation  with  heavy  particles  will,  for  this 
glass,  be  close  to  the  ratio  typical  of  other  inorganic  scintillators.  To 
reduce  sensitivity  to  gamma-radiation  it  is  desirable  that  the  glass  base 
not  contain  elements  with  a  high  atomic  number. 

The  composition  of  the  scintillation  glass  must  be  selected  so  that 
the  radiation  speccrum  will  lie  within  the  region  of  maximum  sensitivity 
of  the  photoelectric  multiplier,  but  not  be  superimposed  on  the  absorption 
spectrum.  Maximum  sensitivity  of  the  FEU-S  and  FEU-29  spectrophoto- 
metric  photomultipliers  is  the  region  380-420  run. 

Silicate  glasses  activated  with  cerium  [21-22]  have  bright  blue  lumin¬ 
escence.  The  absorption  spectrum  of  these  glasses  is  in  the  ultraviolet 
region.  Lithium  can  be  added  to  the  glasses  as  an  alkali  component.  From 
these  considerations,  lithium  silicate  glass  activated  with  cerium  was 
selected  to  record  slow  neutrons. 

A  glass  with  composition  Li20  *  2  SiC>2(Ce)  can  be  used  in  detecting 

slow  neutrons  [23].  The  scintillation  efficiency  of  the  glass  compared 
to  Nal(Tl)  or  electronic  excitation  is  1.4  percent;  the  ratio  between  scin¬ 
tillation  yields  for  irradiation  with  electrons  and  with  alpha-particles 
is  3.8  -  4;  the  de-excitation  time  constant  is  0.15  microseconds .  The 
efficiency  of  glass  0.1  cm  thick  containing  lithium  with  the  concentration 
of  the  Li6  isotope  at  90.5  percent  is  82  percent  for  thermal  neutrons. 

The  efficiency  of  a  glass  0.5  cm  thick  is  40  percent  for  10  ev  neutrons. 

A  glass  with  the  composition  LigO  •  Si02  •  0.8  Al20.j(Ce)  is  also 
recommended.  Ce02  is  added  in  the  amount  of  1  mole  percent  in  the  form 
of  CeClj  [24],  Lithium  silicate  glasses  activated  with  cerium  are  also 
recommended  for  neutron  detection  by  other  authors  [25]. 

Glasses  for  Cerenkov  counters 

Scintillation  counters,  whose  operating  principle  involves  measuring 
the  effect  of  Cerenkov  luminescence,  are  used  in  measuring  the  energies  of 
gamma-rays,  electrons  and  protons.  Lead  glass  containing  55  percent  oxide 
is  used  for  late-model  Cerenkov  spectrometers  [26]. 

A  spectroscope  for  gannna-raya  has  been  built  in  the  United  Kingdom 
[27],  where  the  scintillation  material  consists  of  a  cylinder  of  F65335 
lead  glass.  The  glass  is  made  from  pure  quartz  and  specially  purified 
lead  oxide.  A  lead  glass  with  high  light  transmission  is  used  in  the 
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United  states  for  Cerenkov  counters  [id],  'frit*  density  of  the  ,"1*510  i:; 
4.6  g/cm2  and  its  index  of  refraction  ia  1.724. 


chapter  fgurteen 

MATERIALS  FOR  ABSORBING  RADIATION 


The  ability  of  a  material  to  most  strongly  influence  a  radiation  beam 
passing  through  it  is  achieved  by  adding  to  its  composition  chemical  elements 
with  high  cross-sections  of  interaction  with  given  kinds  of  radiation. 

Intense  interaction  of  absorbing  materials  with  radiation  results  in 
the  dose  they  absorb  proving  to  be  the  optimum  compared  with  other  materials 
placed  under  the  same  conditions.  Therefore  to  ensure  the  requisite  service 
life  of  absorbing  materials,  requirements  of  high  radiation  stability  are 
imposed  on  them. 

Since  the  interaction  cross-section  and  thus,  the  absorbability  of  a 
material  depend  on  the  kind  of  radiation  and  its  energy,  the  material  of  a 
specific  chemical  composition  proves  to  be  effective  only  for  a  specific 
kind  of  radiation,  often  in  a  quite  narrow  energy  range. 

In  particular,  this  is  true  of  neutron  absorption,  since  as  one  pro¬ 
ceeds  from  thermal  neutrons  to  fast  neutrons,  the  pattern  of  their  inter¬ 
action  with  nuclei  changes.  Nuclear  reactions  with  fast  neutrons  are 
threshold  in  nature,  and  their  cross-sections  are  not  large  compared  with 
the  enormous  cross-sections  of  certain  elements  or  their  isotopes  have  in 
the  thermal  range.  Nonetheless,  as  the  atomic  number  of  an  element  is 
increased,  the  oroes-sections  of  its  nuclear  reactions  with  rapid  neutrons 
become  greater,  which  enables  us  to  regard  materials  containing  heavy  ele¬ 
ments  as  been  more  suitable  for  this  purpose. 

As  for  the  absorption  of  charged  particles,  by  virture  of  their  weak 
penetrating  ability  practically  any  material  with  a  sufficiently  thick 
layer  can  serve  as  an  absorber. 

Depending  on  the  kind  and  energy  of  radiation  they  are  intended  to 
absorb,  materials  under  consideration  can  be  divided  into  the  following 
groups  (of.  scheme). 
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[KSY  to  scheme  presented  on  preceding  page] 


A  —  Materials  for  absorbing  radiation 
B  —  Materials  absorbing  neutrons 

C  —  Materials  absorbing  hard  electromagnetic  radiation 
D  —  Materials  absorbing  gamma-rays  and  neutrons 
S  —  Materials  regulating  neutron  beam 

P  —  Glasses  absorbing  gamma-rays  for  the  inspection  windows  of  hot  labo¬ 
ratories 

G  —  Glasses  absorbing  gamma-rays  and  neutrons,  for  the  inspection  windows 
of  hot  laboratories  and  reactors 

H  —  Glasses  for  inspection  windows,  absorbing  neutrons  at  various  energies 
I  —  Glasses  absorbing  x-rays,  for  x-ray  installations 
J  --  Wall  and  lining  materials  for  reactors  and  hot  cells 
K  —  Wall  and  lining  materials  absorbing  neutrons  at  diiierent  energies 
L  —  Wall  and  lining  materials  for  radiation  sources  and  hot  laboratories 


1.  Materials  Absorbing  Hard  Electromagnetic  Radiation 

Beginning  with  the  initial  use  of  x-rays,  and  then  of  nuclear  radia¬ 
tion,  efforts  were  made  to  find  the  materials  for  building  protective 
inspection  windows  absorbing  x-rays  and  gamma-rays.  The  main  requirements 
imposed  on  glasses  protecting  against  ionizing  radiation  is  high  density, 
which  is  achieved  by  introducing  oxides  of  heavy  elements.  This  require¬ 
ment  is  met  by  heavy  optical  glassea,  for  example,  crownB  and  flints  that 
contain  oxides  of  lead,  bismuth,  and  barium  [l  J.  A  second  important  re¬ 
quirement  imposed  on  protective  glasses  is  their  ability  to  preserve 
adequate  transparency  throughout  the  entire  service  period.  Since  lead 
glasses  are  marked  by  reduced  radiation-optical  stability,  it  is  preferable 
to  uBe  glassea  with  additives  of  0,5~3  percent  cerium  [2-j]. 

Silicate,  borate,  and  phosphate  glasses  used  as  protection  containing 
up  to  85  percent  by  weight  PbO  or  up  to  60  percent  BigO^  and  their  density 

ie  as  high  as  7*8  g/cm^.  Some  compositions  of  foreign  protective  glasses 
are  given  in  the  handbook  [4]. 

Domestic  glasses  used  for  absorbing  gamma-rays,  classified  as  super- 
heavy  flints  contain  up  to  86  percent  by  weight  PbO  and  have  a  density  up 
to  6.5  g/cro3.  Besides  these  grades  of  glasses,  there  are  also  superheavy 
crowns  that  have,  in  addition  to  high  absorbability,  also  high  (up  to  106  r) 
radiation-optical  stability. 

A b  we  know,  when  irradiated,  glasses  accumulate  electrical  charge, 
which  can  produce  breakdown  and  disintegration  of  the  article.  At  the 
present  time  there  are  protective  phosphate  glasses  that  yield  a  weak 
effect  of  charge  accumulation.  The  composition  of  a  charge  for  this  kind 
of  glass,  proposed  in  [5]  in  as  follows  (in  percent)*  26-51  ?2°5’  53-56 
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H^O,  1 2—26  PbO  (HgC,  T120>,  and  0-5  Al20y  with  additives  of  EaO,  ThQ, 

Cs20,  Bi20jt  KgO,  SnO,  and  ZnO.  There  are  also  several  compositions  of 

nonsilicate  protective  glasses  intended  for  absorbing  x-  and  gamma-radiation 
(in  percent  by  weight);  50-90  PbO,  2-20  TeOg,  0-25  Bi^O^,  0-10  BgO y  and 

0-10  Ge02  [6], 

O ramie  materials  serving  as  protection  against  ionizing  radiation 
have  a  chemical  composition  that  is  similar  to  protective  glasses,  that  is, 
they  contain  oxides  of  heavy  elements  usually  serving  as  fillers,  for 
example,  monazite  sand  or  PbO  [7].  Additionally,  an  increase  in  absorbabi¬ 
lity  occurs  when  a  compact  material  with  minimum  porosity  is  produced. 


2.  Materials  Absorbing  Thermal  Neutrons  and  Gamma -Neutron  Radiation 

The  interaction  of  a  material  with  neutrons  depends  on  the  properties 
of  atomic  nuclei  in  its  composition.  Past  neutrons  are  very  weakly  absorbed  by 
materials  without  preliminary  moderation,  which  takes  place  mainly  via  mul¬ 
tiple  scattering.  The  stopping  power  increases  with  decrease  in  the  element's 
atomic  weight  [e].  Isotopes  of  hydrogen  have,  as  we  know,  the  highest  stop¬ 
ping  power.  Of  solid  moderators,  beryllium  oxide  is  of  interest,  which  can 
be  added  to  glassy  or  ceramic  materials.  Below  is  given  a  characterization 
of  certain  moderators  [9]. 

3a.'?;n:sT<Mii  A 
KojifitlmmiciiT  .mMCA/temin  & 

KEY:  A  —  Moderator 

B  —  Moderation  ratio 


Thermal  neutrons  produced  after  moderation  of  fast  neutrons  can  be 
absorbed  via  a  nuclear  reaction  with  certain  elements.  In  making  glasses 
capable  of  absorbing  thermal  neutrons,  of  particular  interest  are  oxides 
of  cadmium  and  boron,  since  with  a  large  capture  cross-eection  they  can  be 
added  to  a  glas^  in  the  required  amount.  Oxides  of  certain  rare-earth 
elements,  in  spite  of  extremely  large  capture  cross-sections,  are  used 
less  often  mainly  due  to  economio  considerations. 

For  practical  purposes  cadmium  borate  is  the  optimum  material  from 
the  standpoint  of  ability  to  absorb  neutrons,  however  it  has  not  found  use 
as  a  glass  owing  to  ito  slight  chemical  stability  [10].  To  enhance  the 
chemical  stability  of  cadmium  borato  glasBoo,  oxideo  of  beryllium  or 
aluminum  are  added  to  them  [ll]»  or  else  they  ixru  converted  to  the  boro- 
silicate  compositions  [12-15].  The  chemical  stability  is  quite  appreciably 
enhanced  by  adding  calcium  fluoride  or  the  oxides  of  titanium  and  zirconium 
(Table  47). 
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TABLir;  47.  COMPOSITION  OP  CERTAIN  CUSSES  ABSORBING  THERMAL 

NEUTRONS 
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KEY?  A  —  Composition  in  percent  by  weight 
B  —  Reference 

Glasses  containing,  in  addition  to  cadmium  and  boron,  oxides  of  heavy 
elements  (for  example,  lead  or  barium),  have  an  added  advantage.  Glasses 
in  the  system  CdO-PbO-B^^  are  capable  of  absorbing  x-  and  gamma-rays, 

but  thejr  chemical  stability  remains  only  moderate.  More  resistant  are 
glasses  in  the  system  CdO-BaO-BgOj .  They  have  good  optical  properties 

(colorless  or  slightly  yellowish)  and  are  capable  of  trapping  gamma-rays 
in  addition  to  thermal  neutrons.  However,  it  is  difficult  to  produce 
these  glasses  under  industrial  conditions,  since  they  Btrongly  attack  the 
refractory  owing  to  their  corrosiveness. 


Glass  compositions  in  the  systems  BigOj-CdO-BgOj  and  Bi20j-Cd0-Si02 

[16-17]  are  known,  which  can  be  used  to  absorb  radiation.  SPN-1  glass 
with  a  linear  coefficient  of  absorption  J2  cm”1  is  recommended  for  absorb¬ 
ing  neutrons  with  energies  up  to  0.5  ev,  SPN-2  glass  is  suitable  for 
absorbing  neutrons  at  energies  above  0.5  ev.  This  glass,  due  to  its  Ce02 

content,  is  marked  by  enhanced  radiation-optical  stability,  Glasses  in 
the  system  Li20-Pb0-B20j ,  absorbing  thermal  neutrons  and  bremsstrahlung 

gamma-radiation  are  good  material  for  protection  against  radiation  [l S) . 


Tomas  and  Lukas  [l$>]  present  several  glass  compositions  for  the  manu¬ 
facture  of  glass  fiber  absorbing  thermal  neutrons  (Table  4 8). 


TABLE 
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48.  COMPOSITIONS  OP  GLASSES  FOR  M-tNUFACTURE  OP  GLASS  FIBER 


ABSORBING  THERMAL  NEUTRONS  [  1 c)] 
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A  —  Composition  in  percent  by  weight 
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In  -several  cases,  indium  oxide  is  added  to  cadmium  borate  glasses  to 
expand  tiu*  energy  range  of  neutrons  absorbed,  for  example,  a  /'lass  with 
the  composition  (in  percent  by  weight) *  55  CdO,  53  anc*  ^  In^Oy 

has  jl  m  26  cm  1  for  1,4  ev  neutrons  [20]. 

To  produce  chemically  stable  glasses  capable  of  absorbing  thermal 
neutrons,  Bishop  and  Pinotti  [21 ]  employed  a  method  of  adding  oxides  of 
rare-elements  to  a  matrix  corresponding  to  the  composition  of  chemically 
resistant  commercial  borosilicate  glasses  (Table  49).  P?om  2  to  5  percent 
GdjOj  or  Sa^Oj  about  100  percent  were  added  to  each  of  these  glasses. 

TABLE  49.  CHEMICALLY  RESISTANT  GLASSES  ABSORBING  NEUTRONS  [21 ] 
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KEYj  A  —  Composition  in  percent  by  weight 


The  absorption  coefficient  is  particularly  high  for  glasses  contain¬ 
ing,  in  addition  tc  oxides  of  boron  and  cadmium,  gadolinium  oxide.  For 
example,  a  glass  with  the  following  composition  (in  percent  by  weight)* 

35  CdO,  33  B203,  and  32  Gd^,  has  fL  .  41?  cm”1  [20J. 

All  the  glass  compositions  listed,  whose  development  aimed  mainly 
at  making  transparent  protective  shields, have  relatively  low  softening 
points,  which  does  not  permit  their  use  as  reactor  parts  functioning  at 
elevated  temperatures.  Ceramic  materials  are  more  suitable  for  service 
under  severe  reactor  conditions.  Ceramics  for  these  purposes  can  be 
produced  by  sintering  oxides  as  well  as  nonoxygen  compoundn,  for  example, 
B^C  (boron  carbide). 

Ceramic  materials  containing  oxides  of  rare-earth  elements  and  cadmium 
exhibit  high  absorbing  ability  [22-23].  Owing  to  the  melting  points 
of  these  oxides,  these  ceramics  can  be  used  as  control  rods  and  shielding 
for  high-temperature  reactors  [23].  An  unsoparated  mixture  of  the  isotopes 
Eu,  Llm,  and  Gd  fully  ensures  a  high  absorption  coefficient  and  can  be  used 
as  fillers  (up  to  3  percent  by  weight)  in  ordinary  heat-resistant  ceramic 
[24].  Of  special  interest  is  the  use  of  ceramics  as  a  matrix  with  enhanced 
denaity,  for  example,  in  the  system  BaO-R^Oj-biO^,  where  is  the  rare- 

earth  oxide  [25].  This  material  has  good  shielding  also  air airmt  gamma- 
rays,  with  an  adequate  coefficient  of  absorption  for  thermax  neutrons, 
for  example,  for  the  composition  (in  mole  percent) 1  20  BaQ,  50  3i02,  and 

30  Gd^O^  —  W  is  98  cm 2/g  [25]. 
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Ceramic  materials  prepared  on  the  basis  of  absorbing  oxideB  have 
adequate  heat  resistance,  however  they  do  not  exhibit  requisite  gas- 
tightness  owing  to  the  porosity  inherent  in  any  ceramic.  This  disadvantage, 
and  also  the  impossibility  of  producing  ceramics  by  sintering  the  oxides 
CdO  and  most  widely  used  in  absorbing  neutrons  (owing  to  their  high 

volatility)  has  compelled  efforts  to  find  a  way  of  producing  a  material 
free  of  these  drawbacks. 


One  way  of  obtaining  heat-resistant,  gas-tight  materials  based  on 
CdO  and  is  to  produce  pyroceramics .  Compositions  of  glass-crystalline 

materials  based  on  silicate  and  borate  glasses  with  high  content  of  oxides 
of  cadmium  and  indium  are  known  [26-27].  These  materials  are  gas-imper¬ 
meable  and  have  a  high  coefficient  of  neutron  absorption,  high  mechanical 
strength,  and  satisfactory  refractoriness.  Besides  these  properties, 
pyroceramics  can  meet  the  requirements  on  compatibility  with  the  materials 
of  the  supporting  structure. 


Use  of  pyroceramics  in  control  rods  is  somewhat  more  advantageous 
compared  to  the  use  of  boron  steel  both  in  terms  of  efficiency  of  neutron 
absorption,  as  well  as  economy  of  structural  weight,  which  is  of  no  small 
importance  for  nuclear  engines. 

Somewhat  more  promising  compared  with  borate  pyroceramics  are 
silicate  glass-crystalline  materials  (Table  50),  owing  to  their  higher 
softening  point.  The  radiation  stability  of  these  materials  mu3t  also  be 
higher,  due  to  their  absence  of  which  reduces  their  resistance  to 

neutron  irradiation. 


TABLE  50.  CERTAIN  COMPOSITIONS  OP  CADMIUM  SILICATE  PYROCERAMICS 
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We  have  been  able  to  produce  glass-crystalline  silicate  materials 
with  high  CdO  content  and  with  a  softening  point  of  about  1270°  K  (Table 
^l).  The  satisfactory  body  crystallization  of  the  glass  was  attained  by 
adding  an  oxide  catalyst,  in  contrast  to  the  report  [27]  where  metallic 
gold  was  used  to  induce  the  glass  to  crystallize. 


TABLE  51.  PROPERTIES  OP  SYNTHESIZED  PYROCERAMICS 
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KBYi  A  —  Material 

B  —  Coefficient 
C  —  of  absorption,  in  cm 

D  —  of  thermal  expansion  in  the  500-1000°  K 
range,  oc  •  10"?  in  deg-1 
E  —  Density  in  g/cnr 
F  —  Softening  point  in  0  K 
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